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ELECTRON SPIN-LATTICE RELAXATION 
IN PHOSPHORUS-DOPED SILICON* 


H. Honig and E. Stupp 
Syracuse University, 
Syracuse, New York 

(Received August 18, 1958) 





There are many possible spin-lattice relaxa- 
tin mechanisms for group V donors in silicon. 
Ina paper by Pines, Bardeen, and Slichter,* 
several mechanisms were suggested, the orders 
of magnitude of the associated relaxation times 
were estimated, and the functional dependences 
of the relaxation times on temperature and fre - 
quency (or magnetic field) were calculated. Other 
mechanisms differing from those discussed by 
PBS must also exist to account for the observed 
dependence of relaxation time on temperature 
and concentration. The large variety of relaxa- 
tion mechanisms, each with its characteristic 
dependence on temperature, magnetic field, and 
concentration, has made isolation of particular 
mechanisms, and hence correlation between 
theory and experiment, difficult. For phosphorus- 
doped silicon, we have obtained the relaxation 
probability dependence on magnetic field under 
conditions of at least partial elimination of back- 
ground photon flux, and have thereby isolated one 
of the phonon mechanisms involved in the relaxa- 
tion process. 

The elimination of background photon flux is 
important in the case of phosphorus-doped silicon, 
for otherwise the photo electric mechanism can 
dominate the direct relaxation process 7, and 
mask the phonon contribution.* Feher and 
Fletcher® were the first to show that shining light 
a Sample reduces the relaxation time in these 
samples. Recent experiments’ have indicated 
that the infrared wavelengths between 2 and 25 
microns are principally responsible for the re- 













duced relaxation time, and that unless special 
precautions are taken to shield against room 
temperature infrared radiation leakage onto the 
sample, the photon effect may dominate the direct 
relaxation process. The photoelectric relaxation 
is of considerable intrinsic interest, can be a 
useful tool for detecting electrons in semicon- 
ductor investigations, and may have application 
as a very sensitive infrared detector.? In the 
present note, however, our chief concern is 
to eliminate the photon contribution as far as 
possible. This has been achieved by placing 
Styrofoam and Jena glass absorbers in the wave- 
guide leading to the sample cavity, and by using 
brass cavities as opposed to silvered glass or 
Lucite cavities. 

The dependence of the relaxation probability 
on magnetic field was obtained in the following 
way. The resonance lines were saturated at 
3400 gauss with 9500-Mc Sec microwave radia- 
tion, rendering the population of all levels equal. 
The magnetic field was quickly raised tothe 
value at which the relaxation time was to be 
measured. After waiting a given time in the high 
field, the resonance amplitudes were measured 
at 3400 gauss. By repeating this process with 
varying times spent at the high field, a growth 
curve was obtained which yields 7,. Because 
the relaxation time is very long at 3400 gauss 
compared to its value at high fields, very little 
error is introduced by making the measurements 
at 3400 gauss. The full amplitude resonance 
signal was obtained at only one field (10000 gauss), 
and the full amplitudes for the other fields were 
calculated from the 10000-gauss value. This is 
a convenient time saver for the longer relaxation 
times at the low fields. 

In Fig. 1, the relaxation probability 2W is plot- 
ted against magnetic field. This has been correct- 
ed for the large Boltzmann population factor, * 
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MAGNETIC FIELD (KILOGAUSS) 


FIG. 1. Log-log plot of relaxation probability vs 
magnetic field at 1.27°K and 2.06° K. Straight line 
indicates H‘ dependence. Silicon sample used con- 
tains 1.4 10'* phosphorus atoms/cc. 


and thus1/2 W=1,coshu,H/k T, where 7, is the 
observed relaxation time. Two curves are ob- 
tained at 1.27°K and 2.06°K. Both show a nearly 
quartic dependence on field at high fields. At 

the lower fields, another direct relaxation mech- 
anism takes over. If we assume this to bea 
temperature-dependent but field-independent 
contribution and subtract its relaxation probabil- 
ity from all the points, we obtain a quartic de- 
pendence for all points. The relaxation times 
associated with the two temperature curves ex- 
hibit a slightly stronger temperature dependence 
than 1/T. This deviation is expected since k T 
corresponds to about 9500 gauss at 1.27°K. 

The quartic field dependence could correspond 
to the spin-orbit type mechanism suggested by 
PBS. However, the calculations made by them 
and by Abrahams’ yield a relaxation probability 
several orders of magnitude smaller than that 
which we have observed. Extrapolated to 3200 
gauss and 1.2°K, our observed quartic depend- 
ence relaxation time would be about 420 minutes. 

All the relaxation times involved in the fore- 
going were 7.,, or direct relaxation times. How- 
ever, one measurement of 7,, i.e., the time 
associated with simultaneous spin flips of the 
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electron and phosphorus nucleus, was made at 
10 850 gauss and 2.02°K.® This yielded a T, of 
about 180 minutes. The PBS calculation for these 
experimental conditions yields a time of about 
30 minutes. 

We wish to thank Dr. R. O. Carlson of Genera] 
Electric Research Laboratories for providing 
the phosphorus-doped silicon sample used in this 
experiment. 
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Scientific Research. 
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SURFACE MOBILITY IN GERMANIUM 
AND SILICON* 


Michael F. Millea and Thomas C. Hall 
Pacific Semiconductors, Incorporated, 
Culver City, California 
(Received August 25, 1958) 


The mobility of carriers near the surface of 
germanium and silicon has been the subject of 
considerable interest’. Schrieffer has pointed 
out that if the carriers near the surface are con- 
fined to a channel (i.e., for an inversion or ac- 
cumulation layer), their mobilities might be re- 
duced relative to their bulk mobilities.” Under 
the assumption that carriers striking the sur- 
face have an equal probability of being scattered 
into any solid angle, the effective mobilities of 
carriers in a channel are calculated. The work 
of Bardeen et al.* adds possible experimental 
verification to this theory. In recent magneto- 
surface experiments on germanium, Zemel and 
Petritz* have indicated the first direct quantita- 
tive evidence of the reduction in surface mobil- 
ity. Experimental field effect data is offered in 
this Letter indicating that less than complete di- 
fused scattering of carriers at the surface might 
be more reasonable. 

The field effect experiment measures the 
change in conductance as a function of transverse 
electrical field. An experimental apparatus’ 
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FIG. 1. Change in conductance versus field plate 
charge for an etched germanium surface at ~ 25°C. 





similar to that of Montgomery and Brown is em- 
ployed in which voltage is applied between a 

metal plate and the semiconductor surface sep- 
arated by a Mylar spacer. This arrangement 
allows an induced charge of about +4x10” elec- 
tronic charges/cm*. The charge on the metal 
plate (field plate) will induce an equal and oppo- 
site charge near the semiconductor surface. A 
fraction of this induced charge will be lodged in 
surface states as immobile charge. The remain- 
ing portion will be due to a change in the free 
carrier concentration near the surface and there- 
fore will result in a change in the specimen con- 
ductance. 

In Fig. 1, the change in conductance as a func- 
tion of the field plate charge at room tempera- 
ture for an etched (1:1:1 HF-HNO,-HAc) n-type 
germanium specimen (doping ~3x10'* cm’) is 
reproduced. The change in conductance as a 
function of field plate charge at ~104°C for an n- 
type silicon specimen (doping ~3x10'*:cm~*) is 
illustrated in Fig. 2. This silicon specimen was 
etched as above and then placed in a furnace at 
1000°C through which oxygen was passed for a 
half hour, producing an oxide layer (~1 4) on the 
surface. Both of these curves show a minimum 
of conductance. The minimum of conductance 
occurs where the changes in the concentration of 
electrons and holes compensate. 

It is of interest to compare the experimental 
curves with those which might be expected in 
both cases from Schrieffer’s treatment. These 
appropriate theoretical curves, assuming no 
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FIG. 2. Change in conductance versus field plate 
charge for an oxidized silicon surface at ~104° C. 





surface state shielding, are included in Figs. 1 
and 2. The theoretical and experimental curves 
are matched at the minimum of conductance be- 
cause this position is independent of surface 
states. The theoretical curve has a large slope 
(approximately the bulk electron mobility) near 
the minimum of conductance. This slope changes 
to a lower value because the excess charges have 
their mobility reduced due to the diffused surface 
scattering which is pronounced in this region. 
The experimentally observed change in conduct- 
ance near the minimum of conductance is lower 
than the theoretical value because a large fraction 
of the induced charge is lodged in surface states. 
If the assumption of completely diffused surface 
scattering were valid, the experimental curve 
would lie below the theoretical curve. These data 
suggest that the assumption of complete diffused 
surface scattering is invalid under the experi- 
mental conditions described herein. 

Although these experimental data suggest that 
complete diffused surface scattering is incor- 
rect, better agreement between experiment and 
theory might be achieved by assuming partially 
diffused surface scattering. The slope of these 
experimental curves to the right of the minimum 
should approach the bulk electron mobility if 
there were no diffused surface scattering and 
surface state shielding. The fact that the ob- 
served slopes are a fraction of the respective 
bulk mobilities would seem to indicate partially 
diffused surface scattering or surface state 
scattering. One can only estimate the upper 
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limit of the percentage of diffused surface scat- 
tering from field effect data. 





“This work was supported by contract with the U. S, 
Army Signal Engineering Laboratories. 
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DIAMAGNETIC NUCLEAR MAGNETIC 
RESONANCE SHIFTS IN ALLOYS 


R. G. Shulman, B. J. Wyluda, 
and B. T. Matthias 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received September 19, 1958) 


We have observed large diamagnetic shifts of 
several nuclear magnetic resonances in alloys 
which have the 8 -wolfram structure. These 
shifts were as large as 0.62% and were observed 
in Nb,Sn, V,Sn, and V,Ga for the tin and gallium 
nuclei. However, no shifts of the gallium re- 
sonances in the isomorphic alloy Nb,Ga were 
observed. In all four compounds, the resonances 
of two isotopes, i.e., either Ga® and Ga™ or Sn!!!” 
and Sn™*, were observed and the fractional shifts 
were the same for either isotope of an element. 
All nuclei measured were in a body-centered 
cubic site of the 8-wolfram cubic lattice in which 
they are surrounded by twelve equidistant near 
neighbors. Shifts observed are plotted versus 
temperature in Fig. 1. Most of the measurements 
were made at 16 Mc/ec but to within experiment- 
al accuracy the fractional shifts, AH/H,, were 
observed to be independent of the external mag- 
netic field H,. Samples were crushed and sieved 
through a 325-mesh screen so that all particles 
were <4 x 10~° cm in diameter during the meas- 
urements reported. The resistivities of the 
samples are not known, hence the skin depth 
could not be calculated exactly. However, they 
are of higher resistivity than copper and 4x 107° 
cm should be less than the skin depth. 

The separations between derivative extrema 
were 8.5+0.5 gauss for the tin and gallium re- 
sonances in V,Sn and V,Ga while in the homolog- 





278 


————__ 



























































0.7 
q 
0.6 nt 
\ oP IN V3 Ga 
0.5 
_ 
= \ 
Sn IN V3 Sn 
@ 0.4 rit MN ‘ 
Ww —— 
Py N\ 
z PJ Sp 
x Sn IN Nb3Sn 
z|z — 
0.3 ~ 
0.2 — — 
0.11 
C) 40 80 120 160 200 240 280 320 
TEMP IN °K 
FIG. 1. Percentage diamagnetic shifts of the re- 


sonances as a function of temperature. Tin shifts 
were measured with respect to an aqueous solution of 
SnCl,. Gallium shifts were measured from deuterium 
by assuming Vpn =0.5034. The gallium resonances 
in Nb; Ga were shifted less than 0.02% . 


ous niobium alloys they were 9.5 +0.5 gauss. All 
resonances were symmetrical. In most cases the 
signal /noise ratio did not permit a second-moment 
determination. However, these widths are close 
to what one expects from nuclear dipolar broaden- 
ing alone. 

In order to see if this large diamagnetic shift 
was present in other tin compounds, the Sn’’® 
resonance was measured in four other tin com- 
pounds. All shifts were measured from the Sn” 
resonance in a saturated water solution of SnCl,. 
The displacements were Sn"°0,, +(0.03 +0.01)%; 
Sn'°O, +(0.06+0.01)%; Sn'*°S, <0.01%; and Sn” 
Cl,- 2H,0,<0.01%. The positive sign indicates a 
paramagnetic shift. The reference Sn’’® reson- 
ance in solution was measured at constant field 
relative to Li’ in a saturated LiCl solution and 
the ratio obtained was g*?°/g” = 0.9591520.00005. 

Since the band structure of these alloys is un- 
known, it is not possible to explain with any cer- 
tainty the absence of a paramagnetic’ Knight 
shift. Measurements by R. M. Bozorth of the 
Nb,Sn susceptibility indicated a slight paramag- 
netic contribution, roughly temperature independ- 


















































ent in the range of our measurements, so that 
bulk diamagnetism is not responsible for the 
shifts. The 8-wolfram structure is particularly 
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conducive to high superconducting’ transition 
temperatures. Correlation of these shifts with 
the superconducting potentialities is lost when 
one considers that the critical temperatures*® 
are Nb,Sn, 18.05°K; V,Sn, 6°K; and V,Ga, 17°K; 
while for Nb,Ga, which showed no NMR shift, it 
ist 16.8°K. The mechanism responsible for these 
shifts is not presently understood. 

We would like to thank E. Corenzwit for the 
samples and Dr. R. M. Bozorth for measuring 
the Nb,Sn susceptibility. 
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Physics (North Holland Publishing Company, Amster- 
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‘Eg. A. Wood and V. B. Compton, Acta Cryst. (to 
be published). 








THEORY OF GALVANOMAGNETIC EFFECT 
AT HIGH MAGNETIC FIELD 


Ryogo Kubo and Hiroshi Hasegawa 
Department of Physics, 
University of Tokyo, 

Tokyo, Japan 
and 
Natsuki Hashitsume 
Ochanomizu University, 
Tokyo, Japan 
(Received September 22, 1958) 


According to the general theory of irreversible 
processes’ the conductivity tensor is expressed 
as 


oo 8 
Ow J at j dn (jp (-thniy(t)), (1) 
where 8 is 1/kT and 
jy= Sol vypar (2) 
is the current density operator, yt and » being 
quantized electron wave functions normalized 
per unit volume. ¢, is the one-electron operator 
for the velocity. The average is taken over the 
equilibrium in the absence of the electric field. 
The best way of treating the electronic conduction 
in magnetic field is to start from this expression, 
because the transport equation of usual Boltz- 


mann-Bloch type may not be used particularly 
in strong magnetic field, where the condition 


WT, >1 (3) 


is satisfied. Here w, is a measure of cyclotron 






frequencies and 7, that of the relaxation time. 
Under this condition, where electrons complete 
cyclotron cycles before they get scattered, and 

at low temperatures, the quantum -mechanical 
effect appears in transport properties as de Haas- 
van Alphen type oscillations and further as some 
asymptotic behaviors at extremely strong mag- 
netic fields where only the lowest Landau levels 
are occupied (quantum limit). 

Let us consider crystal electrons which are 
described by the energy function E,(p) in the 
absence of magnetic field, p being the crystal 
momentum. From general considerations, it 
is seen that the cyclotron motion may be repre- 
sented by the set of canonical variables (é,7) , 
(X, Y), and (pz, z) which satisfy the commutation 
rules 


[&,n] =[¥,x]=2/, P=hc/eH,[p,,2]-n/i. (4) 
Here z is the Cartesian coordinate of an electron 
in the direction of the magnetic field. (&,7) may 
be called the relative coordinates and (X, Y) the 
center coordinates of cyclotron motion, because 


the Cartesian coordinates in the projection normal 
to the magnetic field are 








x=X+t,y=¥+n, (5) 
and (£,7) are defined by 
E= (c/eH) 1, 0 =-(c/eH) 1, , (6) 
where 
Ty = Py + (e/c)Ay, Ty = py + (e/c)Ay 


are the noncommutative quasimomentum compon- 
ents in magnetic field. 

The effective Hamiltoniam of an electron is, if 
the interband effect is neglected, given by” 


KH =E g(t y,Ty, b,) + U (x, y; 2), 


where U is the scattering potential. The above 
introduced definitions and the Hamiltonian lead 
to the equation of motion, 


e 80 = c 98U 
- oH by?  *— aH Ox? (7) 


which is valid both classically and quantum-me- 
chanically. So X and Yare constant if U is zero, 
and therefore and 7 define the cyclotron mo- 
tion relative to the center (X, Y). Consequently, 
the velocity in (2) is divided into two parts, 


vy=X +E, vy= ¥en, 
and the conductivity tensor, Eq. (1), will then 


consist of four components. 
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However, a great simplification results if the 
Fermi surface is not touching or not too close 
to the zone boundary, so that every electron (or 
hole) may be regarded as making a certain 
cyclotron motion and further the broadening ef- 
fect discussed by Harper and Zilberman*® may 
well be neglected. This assumption eliminates 
the possibility of infinitely extended orbits, but 
it may be taken into account, if necessary, by 
some modification of the present treatment. By 
their assumed nature, the variables ~ and 7 are 
bounded. From this we can show that 


ew 
a ShT 


-x 


oc 


({X (0) X(M}) dt, (8) 


etc., for the symmetric part of the conductivity 
tensor, and 


nec 
+ 





« 8 
at ath (¥(-éta) X(t)) da, (9) 
te) 


i) 


for the antisymmetric part. Here X and Y are the 
current density components due to the center 


motion expressed similarly to (2). The relative 
current (é, 7) has disappeared from these ex- 
pressions, so that conduction may be thought in 
terms of the migration of the center of cyclotron 
motion. 

Equation (8) is a direct expression of the 
Einstein relation. Figure 1 shows the Fourier 
spectra of various correlation functions of vel- 
ocity components. By the general theory’ each 
of these Fourier components represents its 
contribution to the dynamical conductivity at 
frequency w. Thus we see that only the static 
conductivity can be represented by the center 
motion. 

The successive displacements of the center 
caused by successive scattering processes are 
generally correlated. If this correlation is fully 
taken into account, Eqs. (8) and (9) are always 
exact, even for weak fields. The condition of 
strong fields, (2), will however introduce an 
essential simplification, because the above 
mentioned correlation will then become neglig- 
ible. For instance, Eq. (8), will then be simplif 
ied to 


ne* 
0 = 


xx =p Y ((AX!) , 





where n is the electron density, v the frequency 
of collision per unit time, and AX the displace- 
ment of the center in a single scattering process. 
So the problem is reduced essentially to calcula- 
tion of the scattering probability of an electron 
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FIG, 1. Fourier spectra of various electron velocity 
components. The quantities — , X, and v are defined in 
the text. 


by a phonon or an impurity in the presence ofa 
magnetic field. 


The calculation of magnetoresistance in the 


above formulation is rather easy for the case of 
phonon scattering, but is more complicated for 
the impurity scattering case. The simplest Born 
approximation will cause a bad divergence and so 
we must go a step further to use at least some 
sort of damping-theoretical treatment. 


In this way we could formulate a rather clear- 


cut theory of the galvanomagnetic effect at high 
magnetic fields and give foundations and deeper 
insights to the former theories of Titeica, * 
Pomeranchuk and Davydov.* The recent theory 
of Argyres® is also examined from this point of 
view. It seems that his method is not adequate 
in the quantum limit. 


The details of this work will shortly appear in 


the Journal of Physical Society of Japan. 





*This work has been supported in part by the Scien- 


tific Research Fund of the Ministry of Education. Parts 
of this work have been reported to the Conference <a 
Physics of Magnetic Phenomena, Moscow, 1956 (un- 
published); and to the Internation2! Conference on the 
Electronic Properties of Meials at Low Temperatures, 
Geneva, New York, 1958 (unpublished). 
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DENSITY OF NEUTRON-IRRADIATED 
LITHIUM FLUORIDE CRYSTALS 


J. Spaepen 
Studiecentrum voor Kernenegie, 
Mol, Belgium 
(Received August 25, 1958) 

Density measurements of neutron- irradiated 
lithium fluoride crystals have been made by 
Binder and Sturm,'»? Cohen,* and Senio and 
Tucker.* 

Binder and Sturm limited their study to thermal 
neutron doses up to 6X10"* mvt. Cohen and Senio 
and Tucker used thick crystals, which implies 
corrections for compensation of the considerable 
self-screening. Cohen found that the density 
became approximately constant at 6*10*" nvt. 

The results of Senio and Tucker are only of an 
exploratory nature. 

No accurate density measurements on small 
samples are available for does higher than 
1X10"? not. 

X-ray studies by Perio, Tournarie, and Gance,° 
Lambert and Guinier, ®~* and Smallman and 
Willis? have shown that (1) a maximum exists in 
the lattice parameter versus dose curve at about 
2x10"’ nvt thermal neutrons; (2) below the maxi- 
mum only isolated Frenkel defects exist; (3) 
beyond the maximum vacancies form small clus- 
ters and lithium atoms coagulate into platelets 
between the (100) planes. 

A comparison of density and parameter data at 
and beyond the maximum presented some inter- 
est. We directed therefore our attention partic- 
warly to that region. 

Density was measured by flotation of the sam- 
ples in suitable mixtures of bromoform, hexanol 
and pentanol. By comparison with standard floats 
of fused silica, and applying a technique des- 
cribed earlier, '° an accuracy of 0.001% was 
teadily attained. A U-shaped flotation chamber 
was used, one tube containing the crystals and 
the other the standard float. 

This method permits the use of small crystals 





(platelets of about 55 mm, of thickness varying 
between 0.3 and 0.7 mm). In this way self- 
screening was kept small. 

The platelets were cleaved from Harshaw sin- 
gle crystals and irradiated in vacuum in the 
graphite reactor BR1 at reactor temperature 
(about 80°C). Thermal neutron doses were meas- 
ured with indium monitors placed with the sam- 
ples." 

Results are given in Fig. 1. A logarithmic 
scale is used because of the high density decrease 
(up to 22% of the original value) which saturates 
at 1.2x10'* mvt. High stresses are generated 
during irradiation, even in crystals this thin. 
For doses higher than 1x10'* nvt the samples in 
some cases break into four or five fragments. 
Fragments of the same crystal have about the 
same density (differences are smaller than 0.5%). 
Black circles in the curve represent the mean 
value of the fragments of —- which broke 
during irradiation. 

The spread of the measured points is not due to 
inaccurate density measurements, but is mainly 
caused by quite large uncertainties in the dose 
measurements. Small differences in crystal 
dimension and irradiation temperature also in- 
fluence the density change for a given dose. 

The results indicate that clusters of point de- 
fects affect lattice parameter and density ina 
very different way (see Seeger’). There are 
some indications that the very large density 
changes are partly due to the escape of fluorine 
out of the crystals. 

Combined measurements on the annealing be- 
havior of density and lattice parameter have been 
started. Preliminary density results on crystals 
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FIG. 1. Relative density change of neutron-irradiated 


lithium fluoride crystals as a function of dose (black 
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which broke during irradiation). 
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DENSITY at 20°C (g/ml) 


TEMPERATURE (*;) 


FIG. 2. Annealing behavior of density of neutron- 
irradiated lithium fluoride crystals: density at 20°C 
after annealing during 1 hour at the indicated temper- 
atures. 


chosen in the region of the maximum in the 
parameter curve are given in Fig. 2 (density 
after annealing during one hour at different tem- 
peratures). 

A small fraction of the radiation-induced den- 
sity change remains, even after annealing at 
650°C. This fraction seems to depend upon the 
original density change induced by the irradia- 
tion. The values illustrate also the influence of 
thickness on the induced change. 
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THERMAL PROPAGATION EFFECT IN 
THIN SUPERCONDUCTING FILMS 


John W. Bremer and V. L. Newhouse 
General Electric Company, 
Schenectady, New York 
(Received September 18, 1958) 


The calculated magnetic field associated with 
a current-induced superconducting -to-normal 
(s-n) transition in thin films is known to be less 
than that associated with a field-induced transi- 
tion.’ This letter suggests one reason for this 
anomaly. It has been found that under conditions 
similar to those described in the literature, '™ 
current-induced s-n transitions in films involve 
thermal propagation, due to Joule heating, of 
normal regions which appear in parts of the film 
having a lower critical current than the remain- 
der. 

Thermal propagation of this type has been de- 
monstrated in an evaporated tin film (Fig. 1) 
immersed vertically in liquid helium. It is also 
possible to demonstrate the propagation of re- 
sistive channels introduced by an external mag- 
netic field generated by currents in the super- 
conducting transverse wires. 

The experimental results can be explained by 
the following model. 

If a sufficiently large current is passed throug 
a superconducting film crossed by a resistive 
channel the temperature at the channel edges 
will reach the critical value associated with the 


LEAD WIRES 









INSULATED 
NUCLEATING WIRES 


EVAPORATED TIN 
0.5 MICRONS THICK, 
0.3 mm WIDE 

FIG. 1. Specimen structure. Substrate thickness= 
0.25 mm; lead electrode thickness= 10 microns; 
diameter of nucleating wires =75 microns. Tin film 
resistivities at 4.2° K=1.1 +0.1 microhm cm; tin 
film critical temperatures =3.85 +0.5° K. The lead 
wires and electrodes remain superconducting through- 
out, thus avoiding contact heating. 
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FIG. 2. The voltage across a film as in Fig. 1 as- 
sociated with the growth of artificially nucleated re- 
sistive regions within it. (A) Nucleus initiated under 
wire 1. (B) Nucleus initiated under wire 2. (C) Nuclei 
initiated under wires 1 and 2 simultaneously (this is 
superimposed on the voltage across a $-ohm resistor 
carrying the maintaining current). The maintaining 
current pulse was 100 ma for 45 millisecs. The 
nucleating current pulse was 775 ma for 0.76 milli- 
secs. The bath temperature was 3.57° K. 


local current density. Then the channel will 
grow, its velocity increasing from zero to an 
equilibrium value. The velocity increases be- 
cause as the channel grows the rate of heat pro- 
duction increases faster than the rate of heat 
loss. 

The propagation effect is indicated by Fig. 2. 
Shown is the rise in voltage across a tin film 
carrying a maintaining current pulse Jj, si- 
multaneously passing a much shorter nucleat- 
ing current pulse Jy through either or both 
mcleating wires. I;, is below the spontaneous 
8-n transition value. 

In Fig. 2 (A), the resistive channel is formed 
uder nucleating wire No. 1. Regiona-b cor- 
responds to two boundaries moving outward at 
constant velocity from the nucleating site. One 
boundary stops before the other on reaching 
the nearer end of the tin strip. This corres- 
ponds to the break at 6. Region b-c corres- 
ponds to the movement of the remaining bound- 
ary. When this reaches the other end of the 
strip, the resistance reaches its maximum. 

In Fig. 2 (B) wire No. 2 is used to nucleate. 
The break e corresponds to the transition from 


double to single boundary propagation. 

In Fig. 2 (C) both wires are pulsed simultan- 
eously. In region g-h four boundaries exist. 
Point h corresponds to the merging of the two 
between the nucleation sites. In region h -i two 
boundaries exist. At i one boundary reaches the 
end of the strip. In i-j only one boundary re- 
mains.°® 

The boundary velocity, deduced from the slopes 
of Fig. 2 and the number of boundaries predicted 
by the model, is shown in Table I. 

Knowing the position of the nucleation sites and 
the resistance of the strip when completely nor- 
mal, one can calculate the observed resistance 
at instants when the number of moving boundar- 
ies changes. Calculated and observed resistance 
values are compared in Table II. 

The small scatter of the calculated velocity 
values and the close agreement between the cal- 
culated and experimental values of R/Rma,x in 
Table II indicate that the s-n boundaries are 
roughly normal to the direction of current flow, 
and move at a constant velocity. 

If Jy is increased sufficiently in the absence 


Table I.. Velocity of the s-n boundaries calculated 
from dv /dt in Fig. 2 and the estimated number of 
boundaries. 











Nuclea- Wave- Bound- dv: Velocity 
tion site form aries dt volt/sec cm/sec 
region present 
1 ab 2 2.55 17.3 
1 be 1 1.60 21.6 
2 de 2 2.83 20.5 
2 ef 1 1.39 20.2 
1 and 2 gh 4 4.72 21.1 
1 and 2 hi 2 1.85 16.6 
1 and 2 ij 1 1.25 22.3 


Mean velocity: 19.5 cm/sec + 15% 








Table II. Comparison of the calculated and observed 
values of R/Rmax at the waveform discontinuities in 
Fig. 2. R/Ryyax is (film resistance) /(maximum film 








resistance). 
Nucleation Waveform R/Rmax R/Rmax 
site discontinuity experimental calculated 
1 b 47.3% 46.4% 
2 e 92.8% 95.6% 
1 and 2 h 48.2% 49.3% 
1 and 2 i 75.0% 71.0% 
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of an external nucleating field, a spontaneous 

s-n transition will occur. By dynamic observa- 
tions as above, these spontaneous s-n transitions 
have been shown to take place by the thermal 
propagation of two s-n boundaries starting near 
the midpoint of the strip, as in Fig. 2 (B). 

Figure 3 shows the variation of R/Rmax 25 [jy 
is varied cyclically with various nucleating cur- 
rents through transverse wire No. 2. The value 
of I,, for which s-n transition occurs is seen to 
depend on Jy; but R/Rmax after this transition 
is a function of Jy, only. The irreversible s-n 
transition for Jy =0 is preceded by a “tail”, i.e., 
a reversible rise of R/Rma x to 1.3x10~ ohm. 
This is not shown on the curve. As /jy is de- 
creased below 2.6 amp/m with the strip normal, 
R/Rmax decreases reversibly to approximately 
0.1; only the final transition to superconductivity 
takes place by an irreversible jump. 

The curve for /,,=0, typical of many published 
curves, *’* can be qualitatively accounted for by 
the model. For instance, the reversible rise 
in R/Rmax preceding the s-n transition for /y 
=0 (not shown in the curve), is believed to be 
due to resistive channels across thin portions 
of the film. When one of these heats up suffi- 
cently, spontaneous propagation starts. Propa- 
gation starts in the middle of the strip because 
the temperature is highest there. Finally, the 
decrease of R/Rmax below unity as Jy is de- 
creased is thought to correspond to the retreat 
of the normal region to the hotter midpoint of the 
strip. 

The above indicates that the current-induced 
s-n transition in films occurs by thermal pro- 
pagation of a normal region starting from a high 
current density-high temperature location. The 
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FIG. 3. Resistance variation in a film as in Fig. 1 


as [jy is cycled slowly with various fixed values of I) 
carried by wire No. 2. Iyy is the maintaining current 
and is given in amp per cm of film width normal to the 
direction of current flow. /y is the nucleating current. 
The bath temperature was 3. 57° K. R/Rinax is (film 
resistance)/(maximum film resistance). 
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transition is therefore dependent, among other 
things, on the thermal properties of the sub- 
strate and the micro-structure of the film. 
The authors would like to thank P. E. Pashler 
for many helpful discussions and I. C. Peabody 
and H. L. Gooley for preparing the specimens, 
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INTERPRETATION OF ELECTRON PARA- 
MAGNETIC RESONANCE IN BaTiO, 


A. W. Hornig 
International Business Machine Research Laboratory, 
San Jose, California 


and 
R. C. Rempel and H. E. Weaver 
Instrument Division, Varian Associates, 
Palo Alto, California 
(Received August 18, 1958) 


There has recently appeared in this Journal a 
letter discussing the origin and interpretation of 
electron paramagnetic resonance (EPR) in single 
crystals of BaTiO,. Our work over the past 
few years has given us data which differ consid- | 
erably from those presented in reference 1. 
Although a detailed account of this research has 
been submitted for publication elsewhere,’ it 
seemed worth while to present here those of our 
results which differ from reference 1. 

These results are: 

(a) Five strong allowed transitions are observei, 
corresponding to a spin of 5/2. This is illustrate 
in Fig. 1, taken at 9.5 kMc/sec in the tetragonal 
ferroelectric phase, with the magnetic field par- 
allel to the electric polarization. The spin Hamil: 
tonian describing a spin of 5/2 in a tetragonal 
crystalline field is 














Ie =3 H-g- S+DS,? +aS,* +b(Sz* +S, ‘). 


The strong lines of Fig. 1 labelled 1 through 5 
have approximately the intensity ratios 5:8: 9:8:5 
of S=5/2. Weaker transitions due to slight 

















ee 





in th 
ious 
belo 








ler 


iler 


f the 


atory, 


3: 9:8:5 
ht 














VoLUME 1, NUMBER 8 





PHYSICAL REVIEW LETTERS OcToBER 15, 1958 








FIG. 1. Resonance spec- 
trum observed in single-crys- 
tal BaTiO, at 9.5 kMc/sec 
and at room temperature. 

The electric polarization and 
the magnetic field are paral- 
lel. The principal transitions 
are labeled 1 through 5. The 
magnetic field increases to 
the right and covers a range 
of about 7000 gauss. The 
broad transition labeled 1 

has one of the weak narrow 
lines superimposed upon it. 


state admixing are also seen in this figure. The 
zero-field splittings between adjacent levels are 
4.9 kMc/sec and 11.7 kMc/sec at room tempera- 
ture. 


Figure 2 shows the spectrum in the cubic phase, 


with magnetic field parallel to a cube edge and 
T= 160°C. A central line and two satellites can 
be observed. Each satellite consists of two un- 
resolved lines whose positions are also indicated. 
As expected, each satellite has an intensity ap- 
proximately 13/9 that of the central line. The 
angular behavior of these splittings is that ex- 
pected for S=5/2 in a cubic field.* The zero- 
field splitting in this phase is 0.85 kMc/sec. 

(b) The term b(S,* +Sy*) in the spin Hamilton- 
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FIG. 2. Resonance spectrum observed at 9.5 kMc/sec 
in the cubic phase at T=160°C. The location of the var- 
ious components with appropriate intensities is indicated 
below the trace. The total field scan is 1500 gauss. 








ian will give a four-fold axis of symmetry to the 
resonances when the magnetic field is rotated 
about the spontaneous polarization (¢- rotation). 
This is observed. 


(c) We conclude that the resonance stems from 
an impurity of ferric ions at titanium sites. Us- 
ing Mn?* in water as a standard, the concentration 
of Fe®* was found to be between 0.01 and 0.04 
mole percent in so-called “pure” crystals. This 
is an agreement with the amount of iron found 
by spectrochemical analysis on these same crys- 
tals. By experiments in which a crystal is 
successively etched, it is found that the reson- 
ance intensity is proportional to the volume of 
the crystal. 

These results are in contradiction with refer- 
ence 1 in the following respects: 

(a) The spin Hamiltonian given in reference 1 
could not lead to the rotational data given in Fig. 
1 of reference 1. The term d(S,4 +Sy*) is needed 
to give this rotational behavior. For such a term, 
a spin of two‘ or greater is needed. 

(b) Our measured intensity corresponds to at 
most 10"* paramagnetic centers per gram. This 
is considerably less than that quoted in reference 
3. 

(c) It is stated tha: ..e intensity of resonances 
from a domains was a factor of ten less than that 
from c domains. We find that crystals which ap- 
peared to have no c domains when viewed between 
crossed polaroids in fact possessed roughly two- 
thirds c domains as revealed by paramagnetic 
resonance. The sum of resonance intensities 
from the three possible domain directions in 
these crystals agrees, within the experimental 
error, with that obtained when the crystal is 
completely polarized in the c direction. 

(d) It is stated that the resonance vanishes in 
the orthorhombic phase and is of negligible in- 
tensity in the cubic phase. We find that the re- 
sonance intensity in the cubic phase, when cor- 
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rected for the change in Boltzmann factor, is the 
same as that at room temperature in the tetra- 
gonal phase. Resonance has also been observed 
in the orthorhombic and rhombohedral phases. 





‘Ww. Low and D. Shaltiel, Phys. Rev. Lett. 1, 51 
(1958). 

2? Hornig, Rempel, and Weaver, J. Phys. Chem. 
Solids (to be published). 

3 L. M. Matarrese and C. Kikuchi, J. Phys. Chem. 
Solids 1, 117 (1956); W. Low, Phys. Rev. 105, 793 
(1957). 

‘ Because of the trisoctahedral symmetry of the 
nearest-neighbor oxygens at the barium site, in con- 
trast to the octahedral symmetry at the titanium site, 
the sign of the cubic field is reversed. As Professor 
E. T. Jaynes originally pointed out (private communi- 
cation), under these conditions it would be possible 
to see Fe** , S=2, at room temperature. However, the 
existence of five main transitions eliminates this ion 
as a possibility. 





ELECTRON PARAMAGNETIC RESONANCE. 
IN BaTiO, t 


W. Low 
Department of Physics, 
The Hebrew University, 

Jerusalem, Israel 


and 
D. Shaltiel 
Department of Physics, 
Israel Institute of Technology, 
Haifa, Israel 
(Received August 26, 1958) 


In the preceding Letter, Hornig et al.’ have 
reported detailed measurements of electron 
paramagnetic resonance (EPR) spectra in BaTiO, 
which differ considerably from those reported by 
us.” Further work has revealed a number of 
points in agreement with those reported by Hor- 
nig et al. and a few in disagreement. 


(a) In agreement with Hornig et al., we have 
detected additional lines which make the spect- 
rum compatible with a spin S= 5/2. We have 
observed in addition so-called forbidden transi- 
tions corresponding to AM = +2,+3 and probably 
+4. Our assignment of a spin of 3/2 in refer- 
ence 2 is, therefore, in error. The spectrum 
could conceivably be assigned to Fe**. 


(b) In order to verify that the EPR spectrum 
is caused by a Fe** impurity we have compared 
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the spectra of so-called pure crystals with those 
of crystals intentionally doped with Fe,O, (0.2-0,5 | 
mole percent added to melt). The same spectrum 
was observed. The doped crystals showed a mor | 
intense spectrum, but not by a large factor, com- 
pared with the pure crystals obtained from many | 
different sources. If the spectrum is assigned 
to trivalent iron, these results indicate that 

some of the iron may not be situated as trivalent 
iron at the titanium lattice sites. ' 











crystals. In all those which were carefully pre- 
pared the EPR spectrum was a factor of ten less 
intense than that of c-domain crystals. In sever- f 
al particular cases the spectrum could not even 
be detected. The EPR spectrum may, therefore, s 
be a sensitive indicator of the mixture of aandc ) p 
domains present in BaTiQ,. t 


i 
t 
(c) We have examined a number of a-domain ’ =; 
y 
i 


(d) We want to comment on reference 4 in the 
preceding letter. We have made detailed calcula- * 
tion of the energy level “scheme of divalent iron 
in octahedral, trisoctahedral, tetrahedral, and | # 
axial symmetries taking into account spin-orbit | T 
coupling to the second order. In the trisoctahe- 
dral field, the lowest level, splits under the 


action of spin-orbit coupling in the second order of 
into two singlets, two triplets, and one doublet. fa 
The splitting of these levels, for any reasonable 
crystal field, is far too large to be detected at oe 
3-cm wavelength, and to give a spin of 2 at room el 
or lower temperatures. We have also calculated ha 
the energy level scheme of Ti** situated ina = 
hypothetically dominant trisoctahedral symmetry. ” 
Transitions between the two nonmagnetic doublets , it 
are forbidden and a spectrum corresponding toa o 
spin of 3/2 is unlikely. At any rate it is now ) 
ruled out by the results observed by Horning et al. co 
and by us. 
Investigations are in progress in which the on 
EPR spectra of BaTiO, are observed while ac eo 
or de electric fields are applied to the crystals os 


while situated inside the cavity. has 
We are very grateful to Dr. Hornig, Dr. Rempel, 





wh 

and Dr. Weaver for sending us a copy of their ne 
Letter to this Journal. on 
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INAPPLICABILITY OF CERTAIN HYDRO- 
MAGNETIC PRINCIPLES TO THE 
IONIC CENTRIFUGE. 


Joseph Slepian 
1115 Lancaster Street, Pittsburgh, Pennsylvania 
(Received April 28, 1958) 


Chew, Goldberger, and Low’ have written an 
interesting paper on the Boltzmann equation and 
the one-fluid hydromagnetic equations in the ab- 
sence of particle collisions. We have found the 
paper most useful in calculating the motion of 
isotopes in the Magneto-Ionic Expander, but it 
fails completely in the ionic centrifuge.” 

The ionic centrifuge is a discharge from a 
short, small arc of a few amperes or more, 
placed by long electrodes at the center of a longi- 
tudinal magnetic field in a circular cylindrical 
vacuum space. The bounding cylinder is insulated, 
and draws about one half the positive ions from 
the arc, with an equal current of electrons, with 
a potential of -(e/8m)B’r* esu relative to the arc. 
The end plates are excited to a potential larger 
in magnitude than -(e/4mc”)B*y esu and take a 
negligible electron current, and the other half 
of the ion current. These are the experimental 
facts, observed during the period 1941-1945. ? 

The acceleration against the opposing electric 
field from the arc to the cylinder of the total 
electron current, equal in magnitude to one 
half the total positive-ion current from the arc, 
was the difficulty which we did not recognize 
as normal until 1954. When this was recognized, 
it was a brief step to the magneto-ionic expan- 
der.°~* 

The paper by Chew, Goldberger, and Low as- 
sumes (last paragraph, page 113) that in a dis- 
charge extreme mobility of the electrons parallel 
to the magnetic field causes the parallel compon- 
ent of the electric field to nearly vanish. This 
was confirmed by us experimentally at all points 
well within the vacuum space. Hence E -axB 
has a solution a = Ex B/B?, and @ is nearly the 
whole mean velocity of the electron. For the 
ionic centrifuge Eis radially outwards, and a 
must be along coaxial circles. 

But this contradicts the experimental result 
that the radial component of electron current in 
the ionic centrifuge is not negligible, but equals 
half the positive-ion current at the start, at the 
arc, and equals the whole positive-ion current at 
the finish, at the cylinder. Thus the second full 
paragraph of page 114 of the paper is experiment- 
ally contradicted. 








This experimental contradiction is removed by 
examining the last paragraph on page 113 more 
carefully. The high mobility of the electron 
parallel to the magnetic field causes the parallel 
component of the electric field to vanish nearly. 
everywhere. But the condition that the end plates 
accept positive-ion current freely, but reject and 
turn back electron current, produces a high 
electric field in the space next to the end plates. 
This high component of electric field along the 
magnetic field in the space charge region next 
to the end plates is responsible for the radial 
component of the electron current. 

Thus we have the result that the paper by Chew, 
Goldberger, and Low is inapplicable to the ionic 
centrifuge. It is however highly applicable to 
the magneto-ionic expander, whose end plates 
draw zero current from the discharge. 





‘Chew, Goldberger, and Low, Proc. Roy. Soc. 
(London) 236, 112-118 (1956). 

? J. Slepian, J. Appl. Phys. 26, 1283 (1955). 

$ J. Slepian, J. Franklin Inst. 263, 129-139 (1957). 

‘ J. Slepian, Nuclear Sci. Engrg. 3, 109-110 (1958). 





DETERMINATION OF UPPER ATMOSPHERE 
SODIUM ABUNDANCE FROM D,/D, 
MEASUREMENTS IN TWILIGHT* 


T. M. Donahue 
University of Pittsburgh, 
Pittsburgh, Pennsylvania 
(Received August 15, 1958) 


The intensity ratio of the D lines in the sodium 
twilight flash would be twice the ratio in the inci- 
dent sunlight if it were not reduced appreciably 
by resonance absorption in the earth’s own sodium 
layer. Recently measurements of this ratio have 
been made at Saskatoon, Canada,‘ and used in 
conjunction with a theory of resonance radiation 
transport to give values for the abundance of 
sodium in the upper atmosphere.” The theory 
applies Chandrasekhar’s treatment of radiation 
transport® to a model of the atmospheric sodium 
in which the spherical layer is replaced by two 
tangent planes, and is valid for a limited portion 
of late twilight only. 

The seasonal variation in abundance obtained 
in this way agrees poorly with that which follows 
from an application of the same theory to absolute 
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intensity measurements made in the same place. 
The observations show that the ratio does deviate 
greatly from the value (~ 1.75) it would have with- 
out terrestrial resonance absorption but are badly 
scattered. They also exhibit an anomaly in sum- 
mer when the ratios are very low despite the in- 
dications from the total intensity that the abund- 
ance is a minimum. 

It is here suggested that these discrepancies 
and the large scatter are partly a consequence of 
the fact that the sodium layer is lying in the 
shadow of the ozonosphere and troposphere at an 
effective angle of solar depression estimated to 
be 7.5° when the observations are made. The 
theoretical ratios are calculated for an angle of 
6.5° where the effect of screening on the D,/D, 
ratio is usually negligible. But the experimental 
procedure is to point the spectrograph at the 
point where the shadow of the earth intersects 
the 65-km level. Since the height of the sodium 
layer, though perhaps subject to large variations, 
is greater than 65 km on the average by 20 to 
25 km, the point observed must vary in angle 
with respect to the sun during the measurement 
from about 8.15° at the zenith to 6.8° at the 
horizon. 

D,/D, is a strong function of the angle of solar 
depression. *’*® Like the total intensity®” it in- 
creases monotonically, neglecting the effect of 
the lower atmosphere, from a minimum near 2° 
with increasing angle. This is a consequence of 
the steadily decreasing sodium path for the sun- 
light. Thus the measured ratios which are a com- 
plicated time average over angles between 7° and 
8° where the intensity itself is varying rapidly 
ought not be compared with the ratio predicted 
for 6.5°. If it were not for several complicating 
factors the observed ratios should be very much 
higher than those predicted for 6.5° except per- 
haps during the periods near the solstices. 

However, the complications render doubtful the 
prospect of obtaining much information from 
these observations. One of these is a consequence 
of the fact that the sodium layer is observed when 
it is in the shadow of the ozone and lower layers 
of the atmosphere. Since the attenuation of the 
incident sunlight as it traverses these layers is 
the same for both D, and D, it might be expected 
not to affect the ratio D,/D,. This is not the case, 
however, for the increasing attenuation with de- 
creasing impact parameter of the incoming sun- 
light alters the vertical distribution of excited 
sodium atoms, favoring the higher portions of 
the sodium layer. This reduces the relative 
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chance that a D, photon will escape from the 
layer toward the spectrograph and so reduces 
D,/D,. The final result depends on the exact path 
out of the layer, that is to say on the zenith angle 
of the spectrograph; on properties of the lower 
atmosphere and ozone which vary enormously 
from one twilight to the next; and on the distri- 
bution of sodium in the layer. 

Another phenomenon which has a large effect 
on the intensity ratio is scattering into the spec- 


trograph, by the lower atmosphere, of light which ) 


has previously been scattered somewhere in the 
sodium layer. This is significantly different for 
the various components of the sodium lines. Cal- 
culation shows that the effect on the ratio is 
large at all angles and varies with angle, with 
the sodium thickness, and with the amount of 
scattering in the lower air. The result may be 
either to increase or decrease the D,/D, ratio 
depending on the amount of sodium in the layer. 

Measurements of the D,/D, ratio can give 
valuable information about the properties of the 
sodium layer and the lower atmosphere as well. 
However, if the sodium abundance alone is de- 
sired the measurement should avoid late twilight 
and variation in the angle of solar depression of 
the layer. The ideal experiment would measure 
the dependence of the ratio on solar depression 
angle throughout twilight. The late twilight part 
of the measurement might then yield information 
about the dependence of sodium density on alti- 
tude and some information about the lower atmos- 
phere, particularly if the ratio measurement is 
coupled with other types of observations. 

I wish to thank D. M. Hunten for useful discus- 
sions of these problems. 








*The work reported here was supported in part by 
a grant from the National Science Foundation. 

! A. Vallance Jones and D. H. McPherson, J. Atm. 
and Terrest. Phys. 12, 166 (1958). 

? Chamberlain, Hunten, and Mack, J. Atm. and 
Terrest. Phys. 12, 153 (1958). 

3S. Chandrasekhar and D. Elbert, Astrophys. J. 115 
269 (1952). 

J. W. Chamberlain, J. Atm. and Terrest. Phys. 9 
73 (1956). 

5vV. R. Stull, thesis, University of Pittsburgh, 1958 
(unpublished). Most of the calculations on: which this 
letter is based are contained in this thesis and will 
soon be submitted for publication. 

S Donahue, Resnick, and Stull, Phys. Rev. 104, 873 
(1956). 











™Blamont, Donahue, and Stull. Ann. géeophys. (to 
be published). 











eT | Oe eae ee ee 


dire 








path 
ngle 
er 


ri- 





eC- 
which } 
the 
for 
Cal- 





be 
er, 


the | 
ell, 


light 
n of 
sure 
sion 
part 
ation 
lti- 
itmos- 
it is 


scus- 














VoLUME 1, NUMBER 8 








PHYSICAL REVIEW LETTERS 


OctToBeER 15, 1958 








3-y ANGULAR CORRELATION EXPERIMENTS 
AND TIME-REVERSAL INVARIANCE 
OF THE BETA INTERACTION*. 


P. C. Simms! and R. M. Steffen 
Department of Physics, Purdue University, 
Lafayette, Indiana 
(Received September 11,- 1958) 


Curtis and Lewis’ proposed a possible test of 
time-reversal invariance by measuring the trans- 
verse polarization of beta particles in a beta- 
gamma correlation experiment. No such polari- 
zation exists in an allowed transition; thus first 
forbidden transitions must be considered. The 
beta-gamma correlation function is of the form’ 


WEB ork, H)=1 +4 Al 3(Bp- K)*-1] + F(Bys K)(A- Kk) 
+ G(n+ px k)(p,: k). (1) 


Po is a unit vector in the direction of the momen- 
tum p of the beta particle, n and k are unit vectors 
in the direction of the electron spin (n orthogonal 
to p) and the gamma-ray photon, respectively. 

The second term gives rise to the ordinary 8-y 
directional correlation, the third term leads to 

a transverse polarization P|; of the beta particles 
in the plane of p and k and the last term leads to 

a polarization P, perpendicular to the plane of p 
andk. The coefficients A,, F, and G, which are 
functions of p, were calculated by Curtis and 
Lewis,’ neglecting the influence of the Coulomb 
field (aZ<<1, aZ/pR<<1). In this Z~0 approxi- 
mation, G vanishes if the 8 -interaction Hamilton- 
ian is time-reversal invariant; on the other hand, 
itis of appreciable magnitude if time-reversal in- 
variance is violated. On the basis of these con- 
siderations the measurement of the beta-polari- 
zation-gamma directional correlation seemed to 




















we 
FIG, 1. Anisotropy factor A, (W) of the Au’ g -y 
directional correlation. 


provide a feasible test of time-reversal invar- 
iance and the experimental investigation of the 
angular correlation function (1) for the first for- 
bidden beta decay of Au’ was started in early 
1957. 

Au’ was chosen in spite of its large Z, since 
it seemed the only first forbidden 8 emitter with 
decay and production features favorable to the 
execution of the difficult polarization-correlation 
experiment. The Au!® sources (5 ug/cm?) were 
prepared by evaporation on to an aluminum foil 
backing (180 yg/cm*). The beta-gamma direc- 
tional correlation of Au’® was observed with a 
multichannel scintillation coincidence spectro- 
meter.” The results, corrected for finite energy 
resolution, backscattering in the 8 crystal, etc., 
are shown in Fig.-1. The solid line represents 
A,(W) in the directional correlation function 
W(6pk) =1+A,P,(cosé pp). 

The beta-polarization-gamma-directional cor- 
relation was investigated with the vacuum chamber 
shown in Fig. 2. The transverse polarization of 
the beta particles at @ ,,=31/4 was detected by 
observing the “left-right” asymmetry in a Mott 
scattering process on a thin gold foil (1.47 mg/ 
cm’). The scattering asymmetry a(¢v,W) isa. 
function®’* of the scattering angle ¢ and of the 
electron energy W. In the present investigation 
the average values gay =120° and Way =2.0 


a= 270° 
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FIG. 2. Vacuum chamber for the measurement of 
the transverse polarization of 8 particles in a B-y 
correlation experiment. 
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Table I. Transverse polarization of the Au’® g particles (p=1.7,0 pk =3"/4). 








Experiment Scatterer A(a@) Polarization at 9 bk = 30/4 
Polarization parallel to Au -0. 0030 + 0.0011 P| = + 0,013 + 0.006 
to p-k plane (a = 90° ) Al +0. 0020 + 0.0011 
Polarization perpendi- 
cular to p-k plane (a= 0) Au -0.0035 + 0.0015 P, = + 0.003 + 0.013 





(p = 1.7) were selected. The measurements were 
performed by alternating the Au scattering foil 
with an Al foil whose thickness was chosen to 
give approximately the same (very small) probab- 
ility for plural scattering as the Au foil. The 
position of the gamma detector axis, which is 
given by the angle a between the source-y -coun- 
ter plane and the source-8 -detector plane (com- 
pare Fig. 2), was changed every 15 minutes and 
the relative difference A(a@)=[N(a@)-N(a + 180°) ] 

/| N(a@) +N(a+180°)] of the 8 - coincidence rates 
N recorded. P, was determined from observing 
4(0), and P;, was extracted from the measure- 
ment of A(90°). The results of 450 days of contin- 
uous measurement are summarized in Table I. 
The considerably larger error of P, as compar- 
ed to the one of P|; is a result of the fact that 
the counter arrangement is less symmetric in 
the P, position (a=0) so that more corrections 
must be considered. Using the data of Fig. 1 and 
Table I, the final experimental result for the 
complete beta-polarization-gamma-directional 
correlation of Au’ for p=1.7 is 


W( Do» K, N)=1 +(0.0088 +0.0004) [3(p,- k)?-1] 
~(0:026 + 0.012)(p,- k)(n- k) (2) 
-(0.006 +0.026)(n xp,- k)(p,- k) 


While this investigation was in progress, Iben® 
and Kotani® have shown that even for low Z the 
coefficients A,, F, and G in Eq. (1) are very dif- 
ferent from the Z = 0 approximation of Curtis and 
Lewis. In fact the time-reversal testing terms 
in G are, in general, largely dominated by con- 
tributions which are independent of time-reversal 
invariance. Consequently the mere presence or 
absence of the G term does not allow one to draw 
any conclusions concerning time-reversal invar- 
iance. Only a careful measurement of the energy 
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dependence of G (i.e., of P, ) could possibly allow 
a separation of the time-reversal dependent con- 
tributions and thus could give information on 
time-reversal invariance. Such an experiment 
seems to be beyond the possibilities of present 
experimental techniques. 

In the high Z approximation (f = aZ/2R>1; for 
Au! ¢ = 15) a definite relationship® exists between 
the coefficients A,, F, and G: 


A,: F: G = §p: (-1)":iaZ. (3) 


The exponent y depends on the choice of the 
coupling constants in the beta-interaction Hamil- 
tonian. For the V-A coupling r=1, for the S-T 
coupling r=0. On the basis of Eq. (3), the re- 
sults of the 8 -) directional correlation of Fig. 1 
allow one to predict the values of F and G. For 
p = 1.7 one obtains F=(-1)”(0.016+0.001), G = 
+0.007+0.001, respectively. The negative sign 
of the experimental value of F=-0.026+0.012 
favors very strongly r= 1 and thus gives further 
evidence of the predominance of the V-A coupling 
in beta decay. 





*Supported by the U. S. Atomic Energy Commission. 

t+Eastman Kodak Fellow. 

'R. B. Curtis and R. R. Lewis, Phys. Rev. 107, 
543 (1957). 

?R. M. Steffen, Proceedings of the Rehovoth Con- 
ference on Nuclear Structure (North Holland Publish- 
ing Company, Amsterdam, 1958), p. 416. 

*H.A. Tolhoek and S. R. de Groot, Physica 17, 1 
(1951). 

‘N. S. Sherman, Phys. Rev. 103, 1601 (1958). 

* I, Iben (to be published). 

® T. Kotani (to be published). 

' Herrmannsfeldt, Maxson, Stahelin, and Allen, 
Phys. Rev. 107, 641 (1957); Goldhaber, Grodzins, 
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CHANGES IN THE 1955 ATOMIC CONSTANTS 
OCCASIONED BY REVISION OF pe/y,* 


E. Richard Cohen 
Atomics International, Canoga Park, California 
and 
Jesse W. M. DuMond 
California Institute of Technology, 
Pasadena, California 
(Received September 24, 1958) 


An error has been found in the theoretical cal- 
culation by Karplus and Kroll’ of the “anomaly” 
ratio, Lg/, (of the magnetic moment of the 
electron, 1g, to the Bohr magneton, y,). The 
calculation has been independently repeated by 
three different authors, Kroll,? Petermann, * 
and Sommerfield, * all of whom are now in agree- 
ment as to the corrected value of the numerical 
coefficient, 0.328, in the quantum electrodynamic 
correction term in a*/n?. The formula should 
therefore read 


Le/U =(1+a/21-0.328 07 /n’), (1) 


and if we put a~*=137.039 we find for u2/pu, the 
value 


He/U, =1.0011596130. 


Clearly ug/H, is very insensitive to small 
changes in a~*. A change of one unit in the third 
decimal place of a~* changes u./p, by only 0.83 
unit in its eighth decimal place. Since there is 
now very little doubt indeed of the value of a= 
to3 decimals, as given above, this value of 
Le/Uo seems quite secure to the eighth decimal 
place. The theoretical value of u,/y, has, asa 
result of this correction, been increased by 14.3 
parts per million (ppm) relative to the value 
given by the older (incorrect) theoretical formula, 
in which the numerical coefficient of the last 
term was -2.973. 

t/t) was an important input datum (appearing 
as one of the auxiliary constants) in the 1955 
least-squares adjustment of Cohen, DuMond, 
Layton, and Rollett.° The 14.3-ppm change af- 
fects three of the input equations of that adjust- 
ment (in Table II p. 366 of reference 5) as fol- 
lows: the numeric 4.0 in the third equation 
changes to 2.6, the numeric -2.3 in the fourth 
equation changes to -3.7, and the numeric 13.5 
inthe eighth equation changes to 14.9. (It should 
further be recalled that, as a result of the 1955 
analysis, four of the eleven equations of afore- 
said Table II were eliminated from the final ad- 
justment, namely the sixth, the seventh, the 


ninth, and the tenth, because of evidence indi- 
cating systematic errors.) 

The purpose of this note is to give the changes, 
in the values of seven of the more important 
atomic constants of our 1955 adjustment, which 
result because of this 14.3-ppm increase in the 
input datum, pg/p,. These changes are shown in 
ppm in Table I along with the resulting revised 
values of a number of the constants. The Faraday, 
F, and A = Ag/As , the x-unit to milliangstrom- 
unit conversion factor, are seen to be the quan- 
tities least effected by this change. It is worthy 
of note that the correction of this error in yu, /Uo 
has restored the least-squares adjusted output 
value of A to much closer agreement with what 
we believe to be the most probable directly 
measured value. It should be pointed out, how- 
ever, that Table I shows only the changes oc- 
casioned by the 14.3-ppm change in up/yo, all 
the other input data remaining as they were in 
the final 1955 adjustment, ° although several 
other new sources of information which may oc- 
casion changes are now in the making. 

Redeterminations are now either under way or 
in a few cases completed for some five other 
important input data bearing on the atomic con- 
stants as follows: redeterminations of the Fara- 
day by D. A. McInnes at the Rockefeller Institute 
for Medical Research, using the iodine coulo- 
meter, and by D. M. Craig, using a perchlorate 
silver voltameter at the National Bureau of 
Standards; redeterminations of Ag/As by H. A. 
Kirkpatrick working as a guest in the laboratory 
of Professor J. Mack at the University of Wis- 
consin and by J. A. Bearden and A. J. Bearden 


Table I. Changes (in ppm) to be expected in seven 
important output values for a 14.3-ppm change in the 
electron magnetic moment anomaly ratio, pe /Uy 





e m h a A N F 





-27.0 -12.1 -40.0 -14.0 -7.6 26.3 -1.0 





Corrected values after making 14.3-ppm change in po/p, 


4.80273 x 107" esu 

9.1082x 10-% ¢g 

6.62391 x 10-7" erg sec 

7.29719 x 1073 

137. 0391 

1. 002031 

6.02502 x 10% (g mole)~! (Physical at. wt.) 
2.89366 x 10 esu(g mole)-! (Physical at. wt.) 
9652.18 emu(g mole)~! (Physical at. wt.) 
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at Johns Hopkins; completed redeterminations 
of the velocity of light by K. D. Froome, by E. 
Bergstrand, and others, under way at the U. S. 
National Bureau of Standards; a remarkably ac- 
curate redetermination of 7, the gyromagnetic 
ratio of the proton, just completed by Bender and 
Driscoll’ at the U. S. National Bureau of Stand- 
ards; redeterminations of the important trans- 
fer constant, g, the acceleration due to gravity, 
which exerts a frequently overlooked effect on 
the measurement of many other constants.* Two 
efforts by theoretical physicists® to derive the 
complete correction terms for the effect of the 
finite extension of the nuclear (proton) charge 
and magnetic dipole distributions in the expres- 
sion connecting a with the very accurately 
measured hyperfine structure shift, Avy, in 
hydrogen still leave the question in an unsatis- 
factory state because of lack of knowledge of the 
part played by the virtual meson field in per- 
turbing the electric and magnetic interaction 


between the electron and the proton in hydrogen. 
Because of this array of new information which 
promises to be forthcoming in the next one or two 
years we feel it would be premature at present to 
make a complete new least-squares adjustment 
accompanied with a long table of derived values 
of constants and conversion factors. It seems 
unlikely that any of the values as given in our 
1955 tables will be modified seriously outside 
the error measures (standard deviations) tabu- 
lated in that adjustment. The changes will chiefly 




































The information in this letter is discussed in 
much greater detail in a recent paper, *° which 
also gives a complete review of the entire pre- 
sent experimental foundation of our knowledge of 
the constants. 





*Work supported by the U.S. Atomic Energy Com- 
mission, the Office of Ordnance Research and the 
National Science Foundation. 

'M. Karplus and N. M. Kroll, Phys. Rev. 81, 73 
(1951). 

? So far as we know, N. M. Kroll has not publicly 
announced his verification. We are gratefully indebt- 
ed for this information to private correspondence with 
A. Petermann. 

3A. Petermann, Helv. Phys. Acta 30, 407 (1957). 

‘Cc. M. Sommerfield, Phys. Rev. 107, 328 (1957). 

* Cohen, DuMond, Layton, and Rollett, Revs. Mod- 
ern Phys. 27, 363 (1955). 

® We deem it preferable to give independently the 
effects of changes in various input data rather than 
showing the combined result of a number of these, at 
least until a complete new least- squares adjustment is 





292 


permit giving the values with increased precision. 





prepared. In the following references the evidence 
for and the result, of changing another input datum, the 
directly observed value of \,/Ag (the first equation 
in Table II of reference 5), les already been discussed. 
How great this change will be can at present only be 
roughly estimated. J. W. M. DuMond and E. R. Cohe 
Phys. Rev. 103, 1583 (1956); J. W. M. DuMond, Supp), 
Nuovo cimento 6, 77 (1957); E. R. Cohen and J. W. y 
DuMond, Handbuch der Physik (Springer-Verlag, Ber- 
lin, 1957), Vol. 35, p. 86; Cohen, Crowe, and DuMon 
The Fundamental Constants of Physics (Interscience 
Publishers, New York, 1957), p. 178. 

™p. L. Bender and R. L. Driscoll, Minutes of the 
August 13, 1958, Boulder, Colorado, Conference on 
Electronic Standards and Measurements, Paper No. 1.3, 
(Published versions of all papers read at the Boulder 
Conference mentioned in this and succeeding references 
are planned to appear in Transactions of the Institute 
of Radio Engineers under the Professional Group on 
Instrumentation. ) 

§ The role played by g in determinations of other 
important constants has been ably discussed by R. D. 








Huntoon and A. G. McNish of the United States National | 


Bureau of Standards in the following two papers: R. D. 
Huntoon and A. G. McNish, Nuovo cimento, 6, 146 
(1957); R. D. Huntoon, Minutes of the August 13, 1958 
Boulder, Colorado,Conference on Electronic Standards 
and Measurements, Paper No. 1.1. 

*A. M. Sessler and R. L. Mills, Phys. Rev. 110, 
1453 (1958). C. K. Iddings and P. M. Platzman, Cali- 
fornia Institute of Technology (to be published). 

0 Jesse W. M. DuMond, Minutes of the August 13, 
1958 Boulder, Colorado,Conference on Electronic 
Standards and Measurements, Paper No. 1.2. 





NUCLEAR SPIN OF 12.6-HOUR IODINE -130! 


Hugh L. Garvin, Thomas M. Green 
and Edgar Lipworth 
Radiation Laboratory and Department of Physics, 
University of California, 
Berkeley, California 
(Received September 22, 1958) 


The nuclear spin of 12.6-hr I’*° has been meas- 
ured by means of an atomic-beam magnetic-re- 
sonance experiment and found to be 5. The ap- 
paratus used to make this measurement was 
designed for the observation of the nuclear spins 
and hyperfine structure of the radioactive haloget 
isotopes and has been described elsewhere.’ 

The I'*° was produced in the Berkeley 60-inch 
cyclotron by bombarding powdered tellurium 
metal with 12-Mev protons, by the use of the 















reaction Te’*°(p, n)I%°. The radioactive iodine 
was evaporated from the target material in an 
electric furnace and collected upon a cooled 
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platinum disk. The iodine was washed from the 
disk with sodium hydroxide solution containing 
sodium iodide carrier, and the mixture of radio- 
active and natural iodine was precipitated in acid 
solution by NaNo, oxidizing agent. After the 
iodine was extracted into carbon disulfide con- 
taining additional iodine carrier; the solution 
was evaporated to dryness under vacuum and 
introduced into the apparatus through a heated 
platinum tube to dissociate the I, molecules to 
iodine atoms. The beam was collected upon but- 
tons previously sprayed with evaporated silver, 
and then counted in continuous-flow methane 
proportional counters. 

The nuclear spin of the radioactive sample was 
measured by the method described in reference 1. 
For normal ordering of the hyperfine levels in 
atoms such as the halogens, with *P,, electronic 
ground state, two “flop-in” resonances are ob- 
servable at each value of the magnetic field. For 
spin / > 1 these may be denoted as 


a: (F=1+3/2,Mp=-I + 1/2)—( F=1+3/2, Mp= -I-1/2), 
and 


8:(F=1+1/2,Mp= -1+3/2) ~(F=I+1/2, Mp=-I+1/2). 


20+ I 
SPIN 5() y= 3Mc/sec 
Se H= 656 GAUSS 


gG, MeH » 368 mec/ec 
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FIG. 1. Spin 5(@) and 5(8) resonances in I", 


Both resonances have been observed in /**° at 
three different magnetic fields of 2.86, 8.56, and 
14.24 gauss. Figure 1 exhibits two typical re- 
sonances obtained at a field of 8.56 gauss. Posi- 
tive identification of the isotope was made by 
means of its decay half-life, and by analysis of — 
its gamma-ray spectrum using a 100-channel 
pulse-height analyzer. 

The value of 5 for the nuclear spin of I**° is 
consistent with the single-particle shell model 
of the nucleus.? The spins of I*® andI**', both 
with an even number of neutrons, are known to be 
7/2. If in I'*° the odd proton is assigned to the 
1g, level and the odd neutron to the 2d, ,, level, 
Nordheim’s weak rule applies, and the observed 
spin results from a coupling of j, and jp to the 
maximum permissible value. If on the other 
hand the odd neutron is assigned to the neighbor - 
ing 1h,,, level, Nordheim’s strong rule applies 
and a spin of 2 can be expected.’ It is thus likely 
that the odd neutron in /**°, as in ,,Xe,,"*4, oc- 
cupies the 2d, , level. 

The authors wish to acknowledge the able as- 
sistance of Mr. Larry M. Cohen and the coopera- 
tion of the Radiation Laboratory Chemistry De- 
partment and the Health Chemistry Division dur - 
ing the performance of this work. 





T This work was done under the auspices of the U.S. 
Atomic Energy Commission. 

' Garvin, Green, and Lipworth, Phys. Rev. 111, 534 
(1958). 

2M. G. Mayer and J. H. J. Jensen, Elementary 
Theory of Nuclear Shell Structure (John Wiley and 
Sons, New York, 1955), pp. 194-196. 

3. W. Nordheim, Revs. Modern Phys. 23, 322 (1951). 








LEVEL INVERSION IN THE HYPERFINE 
STRUCTURE OF BROMINE -76. 
NUCLEAR MOMENTS OF BROMINE-761 


H. L. Garvin, T. M. Green, E. Lipworth, 
and W. A. Nierenberg 
Radiation Laboratory, 
University of California, Berkeley, California 
(Received September 22, 1958) 


In the course of an investigation of 17-hr Br” 
by the method of atomic beams, it has been es- 
tablished that the ratio of the nuclear electric 
quadrupole and magnetic dipole interaction con- 
stants is such that the zero-field hyperfine levels 
do not occur in normal order. 

The nuclear spin of Br is 1. The electronic 
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ground state is *P,,,; thus the permitted total 
angular momenta F (in units of h) are 5/2, 3/2, 
and 1/2, and the hyperfine levels normally would 
be expected to possess this ordering; it is in fact 
found for Br™ that the F=3/2 and F=1/2 levels 
are inverted. This inversion has an interesting 
consequence which will be discussed below. 

Br” is produced by an (a, 3m) reaction on arsenic 
powder in the Berkeley 60-inch cyclotron. The 
radioactive bromine is extracted chemically and 
mixed with natural bromine carrier, and an atomic 
beam is produced by means of a discharge tube. 
The beam is collected upon silver-coated buttons 
which are counted in continuous-flow beta count- 
ers. Identification of the isotope is made by its 
method of production and decay half-life. The 
atomic-beams apparatus used for this experiment 
is arranged in the manner suggested by Zacharias 
to observe “flop in” type transitions.? The appara- 
tus has been described elsewhere.°* 

In order to examine the dependence of the zero- 
field hyperfine-level separations on the nuclear 
magnetic -dipole and electric-quadrupole inter- 
action constants a and 5, it is necessary to solve 
the zero-field Hamiltonian, 


H/a =1- 5 + (b/a)Qop- (1) 


Here H is in frequency units; Jand J are the 
nuclear and electronic angular momenta, respec- 
tively; and Qop is the quadrupole interaction oper - 
ator.* 

The solution results in the plot of Fig. 1. For 
b=0 the levels are, of course, in normal order 
and their separations satisfy the Landé interval 
rule, but for values of b/a>2/3 the F=1/2 and 
F =3/2 levels are inverted. With normal level 
ordering there are two and only two observable 
flop-in transitions® in an isotope with a ?P, /2 











F:4 














FIG. 1. Energy levels of /=1, J=3/2 system at 
zero magnetic field as a function of b/a. 
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Approximate values of the nuclear electric 





————_ 


electronic ground state and /?1. For /= 1 these 
transitions are, in (F, m) notation, 


(5/2, -1/2)—(5/2, -3/2), 
(3/2, 1/2)—(3/2,-1/2). (2) 


At the start of this investigation two flop-in 
transitions were observed in the linear Zeeman 
region with g; values equal to those expected 
for transitions (2) above. The transitions were 
followed out to higher and higher values of mag- 
netic field in order to determine the constants 
a and b. It soon became apparent that the ob- 
served transition frequencies at different mag- 
netic fields ledto inconsistent values of a and 5, 
and an inversion of the F = 3/2 and F =1/2 levels 


was suspected. This inversion forces a rearrang. 


ment of the m values of the second of the above 
transitions, and has also the interesting con- 
sequence that a third additional flop-in transi- 
tion, in the level F=1/2, is permitted. The 
three observable flop-in transitions are now 


(5/2, -1/2)— (5/2, -3/2), 

(1/2, 1/2)— (1/2, -1/2). 
The g; value for the new transition is unusually 
large; it is 2.22. 

Figure 2 shows the energy levels of Br” asa 
function of magnetic field. This diagram was 
calculated with the aid of an IBM-650 computer 
using the value of b/a given below. The three 
observable flop-in transitions are labeled a, 3, 
and >. 

The resonances a and 8 have been observed 
to date at many different fields up to a maximum 
of 372 gauss. The resonance y has been observei 
at four different fields of 1.99, 9.68, 18.79, and 
39.7 gauss. The y -resonance line widths are 
considerably greater than those of the a and 8 
resonances, owing to the large gp associated 
with the y transition. 

Currently the best fit to the data is obtained 
with b/a = 0.908. The values of the interaction 
constants are 


(3) 


a = 346 + 15 Mc/sec, 
6 = 314410 Mc/sec. 


The uncertainties quoted are five times the ex- 
perimental values of the error. 
The hyperfine separations calculated from Eq. 
(1) are 
45/2, 1/2)~ 1069 Mc ec, 
4v(1/2, 3/2)= 188 Mc/sec. 
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Br® ENERGY LEVEL DIAGRAM 
Av (3,4) = 1069 Mc 


Av ($, 3) = 188 Mc 











° 5 10 ic 20 
p=-9, aH 


FIG. 2. Br'® energy-level diagram. This diagram 
was calculated with an IBM-650 computer, using a 
b/a value of 0.908. The hfs separations listed are 
approximate only. 


quadrupole moment and magnetic dipole mo- 

ment can be obtained simply from 5 and a bya 
method due originally to Casimir.*»® The re- 
sults, which are uncorrected for any relativistic, 
electronic core perturbation, or configuration 
interaction effects, are 


|! = 0.55 + 0.02 nuclear magneton, 
1Q| =0.27 + 0.01 barn. 


The sign of » is not known, but p and @ have 
opposite signs. 

Work on Br” is being continued in order to 
improve these results. A full account will be 
published later. 

The authors wish to acknowledge the whole- 
hearted cooperation of the Radiation Laboratory 
Chemistry Department and Health Chemistry 
Division during the course of this work. 








Work done under the auspices of the U. S. Atomic 
Energy Commission. 
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SPIN OF Fe*’ 
G. W. Ludwig, H. H. Woodbury, 
and R. O. Carlson 
General Electric Research Laboratory, 
Schenectady, New York 
(Received September 19, 1958) 


The spin of the stable isotope Fe* has been di- 
rectly observed to be $ from the electron spin 
resonance spectrum of iron-doped silicon. Sam- 
ples were prepared by alloying several milli- 
grams of iron’ enriched to contain 84.1% Fe*” 
onto silicon crystals 3 mm X 3 mm X 10 mm. 
The iron was diffused into the silicon bars by 
placing them in evacuated quartz tubes held at 
1200°C for 24 hours. The samples were quenched 
by dropping the quartz tubes into water, were 
chemically etched, and were placed in the reflec' 
tion cavity of a spectrometer operating at about 
14 kMc/sec. 

Figure 1 shows the dispersion derivative at 
approximately 10°K as displayed on the recorder 
of the spectrometer for the magnetic field in a 
(111) crystal direction. The central pattern (cen- 
tered about g = 2.0699) is due to the 16% abun- 


7.2 GAUSS 


SPIN ZERO ISOTOPES 





FIG. 1. The derivative of the dispersion at approx- 


imately 10°K in a silicon crystal doped with iron en- 
riched to contain 84.1% Fe*", The central pattern is 
due to the 16% abundant Fe isotopes of spin zero. 
two outer patterns represent hyperfine interaction 
with Fe*’. 


The 
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dant iron isotopes of spin zero. Only this pat- 
tern was observed in crystals containing iron of 
normal isotope abundance. The other two pat- 
terns, which are split by 7.2 gauss, are attri- 
buted to the Fe*’ sites. The observation of two 
sets of lines confirms a spin of 3 for this iso- 
tope. The hyperfine interaction constant for this 
spectrum is 7.0x107* cm“! 

The value of 3 for the spin of Fe*”’ is in agree- 
ment with analysis made by Garif’ianov et al.” 
of their spin resonance data on Fe dissolved in 
borax. They were unable to resolve the hyper- 
fine structure, but did observe a broadening of 
their resonance line when they used Fe enriched 
in Fe’, 

The spin of Fe*’ has also been determined to be 
+ by Trumpy* who measured the circular po- 
larization of the gamma radiation which followed 
polarized neutron capture by Fe**. As Trumpy 
points out, the value $ contradicts simple shell 
theory, which predicts a p,, state for Fe*”. 

This and other spectra observed in iron-doped 
silicon are under further study. It may prove 
possible to estimate the magnetic moment of Fe*’ 
by using electron-nuclear double resonance.‘ 





‘The iron enriched in Fe’ was obtained from the Iso- 
tope Sales Department, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 

*Garif'ianov, Zaripov, and Kozyrev, Doklady Akad. 
Nauk S, S. S. R. 113, 1243 (1957) [ translation: Soviet 
Phys. Doklady 2, 195 (1957)] . 

3G. Trumpy, Nuclear Phys. 2, 664 (1957). 


‘G. Feher, Phys. Rev. 103, 834 (1956). 





SPIN AND MAGNETIC DIPOLE 
MOMENT OF 2.6-hr Mn**t 


W.J. Childs; L. S. Goodman, 
and L. J. Kieffer 
Argonne National Laboratory, 
Lemont, Illinois 
(Received September 22, 1958) 


Recent studies’ of the beta- and gamma-ray 
spectra are providing new insight into the decay 
systematics of 2.6-hr Mn®. Because of this cur- 
rent interest we feel it advisable to report prog- 
ress to date on our atomic beam magnetic reso- 
nance measurements?’ of the nuclear spin of this 
isotope. 

Many resonances have been observed at vari- 
ous magnetic fields with a corresponding fre- 
quency range of 1-276 Mc/sec. At some of these 
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fields all three observable resonances were 
measured. 

All of this data is consistent and can only be 
reconciled with a nuclear spin] =3%, anda 
nuclear magnetic dipole moment |u/!=3.53+0.01 
nm. 
We are still attempting to determine the sign 
of the magnetic dipole moment. More details of 
the measurements will be published when this 
work is complete. 





twork performed under the auspices of the U. S. 
Atomic Energy Commission. 

'C. Sharp Cook, Nuclear Phys. 7, 480, (1958); 
Ralph E. Segel (private communication). 

*Preliminary work reported: W. J. Childs and L. §, 
Goodman, Bull. Am. Phys. Soc. Ser. I, 3, 21 (1958), 





STRUCTURE OF MESONS* 


Henry P. Stapp 
Radiation Laboratory, 
University of California, 

Berkeley, California 
(Received September 8, 1958) 


The near equality between the 8-decay and u- 
decay vector-coupling constants may be explained 
by assuming the 7 meson to act as a 8-decay 
source of appropriate strength.’ This property 
of the 7 meson would be automatically insured if 
it were a composite system? composed exclus- 
ively of baryons and antibaryons appropriately 
coupled. An absence of virtual mesons may be 
achieved by using for the binding agent a direct 
four- Fermi interaction. This type of interaction 
is indicated by several other considerations as 
well. First, it avoids the introduction of an 
additional meson to bind the original one. Seconi, 
it makes the strong interaction similar in form 
to the weak interaction, which recent arguments 
indicate is not mediated by mesons.* 

A model of the 7 and K mesons based upon a 
direct point interaction has been examined in the 
approximation in which radiative corrections art 
neglected. These corrections are eliminated by 
modifying the Hamiltonian. The modified prob- 
lem is then solved exactly. A momentum cutoff 
is required but this parameter and the coupling 





constant are determined by the experimental 
values of the meson mass and the meson-baryo 
coupling constant. 

The interaction Hamiltonian is assumed to 
have the form 








Hint = i, o, g(N; is Tp Nj) (Mji7s Tp Mj), (1) 
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where N,, N,, M,, and M, are the isodoublets 
(PRN), (=°.= ], (2%, (Ag-2_) V2 J, and [(A,+%)/ 
i2,=-], respectively, and 7, are the isotopic-spin 
matrices. This form insures Lorentz and iso- 
topic invariance and global symmetry. Further- 
more, if the (e -v) pair is coupled identically to 
all the baryons the 8 -decay vector source 

strength is conserved. 

The interaction (1) will generate bound states 
resembling both 7 mesons and K mesons. In the 
K-meson case all five classes of interactions will 
occur owing to the rearrangement of the fields. 

If it is assumed that the radiative corrections, 
which are neglected in the model but which would 
modify the various coupling constants differently, 
lead to a dominance of the pseudoscalar term and 
that the other contributions may be neglected, 
then the following results are obtained: 

(1) The only zero-strangeness bound state is 
aspin-zero, pseudoscalar isotopic triplet. 

(2) The requirement that the mass and the 
effective meson-nucleon coupling constant for 
this system be that of the 7 meson fixes the 
momentum cutoff to be of the order of the nucleon 
mass. 

(3) The possible bound states with nonzero 
strangeness are spin-zero pseudoscalar isotopic 
singlet and triplets. Only the isotopic singlet 
states correspond to observed K particles. 

(4) If the sign of g in (1) is taken to be posi- 
tive then only the singlet states will be bound. 

This gives a dynamical explanation of the strange- 
ness selection rules. The K particles are doub- 
lets in the space corresponding to the indices i 
and j in Eq. (1) rather than isotopic spin space, 

as in the Gell-Mann scheme.* 

(5) The cutoff required to fit the K-meson 
parameters is also of the order of the nucleon 
mass. 

(6) With the sign of g fixed as above, the 7~e+v 
transition rate vanishes in the approximation 
where all baryon masses are taken equal. 

(7) If the u -v pair is coupled to the M- and 
N-type particles with opposite signs® then the 
™.+v transition rate may be expressed in 
terms of the parameters already determined to- 
gether with the known form of the weak inter - 
action’ The calculated rate is approximately 
four times the observed rate. 

The model leads to the following consequences 
that could be checked experimentally. 

(1) The long-range =*nucleon force, which is 
presumably due to the exchange of a single meson, 
would be repulsive rather than attractive as in the 


nucleon-nucleon case. This is a consequence of 
a sign difference in the coupling of 7 mesons to 
M- and N-type particles. This sign difference is 
due to the positive sign of g. Nucleon-A forces 
are due to pairs of mesons and are unaffected. 

(2) The K meson associated with cascade- 
(x, A) transitions are not identical to those as- 
sociated with (2, A)-nucleontransitions and the 
former would be expected to have somewhat 
greater mass due to the cascade-nucleon mass 
difference. 

Apart from symmetries and experimental con- 
sequences the model is of intrinsic interest as 
it provides as exactly soluble problem involving 
a bound state. The modified interaction is ob- 
tained by inserting a vacuum projection operator 
between the N and M parts of H;,4. This re- 
stricts the problem to systems containing one 
baryon and one antibaryon, the corrections in- 
volving additional baryon pairs being suppressed. 
The Fourier transform of the positive-time part 
of the exact meson propagator for this modifed 
problem is’ 


P"(E)= NP(E)/[ 1+ ig’P(E)], 
where N is a normalization factor and 


P(E) =X(E) +i Y(E) . 
X(E) => P [d" ¥(b")/(B’-B), 
iY(E)=n ,(E) 


=1 6(E-2M)0(Emax-E) 
1 
x E(E?-4M?)2 (877)7. 
P indicates the principal value of the integral. 


The propagator may be expressed also in spectral 
form, 


PE) = -Res P'(mt) N dE’ p(E’) 
ant (m,-E) i | (E'-E-ie) ’ 
where 


Po (E) 
[ 1+e’X(E)]*+[g’ Y(E)P . 


The condition on the energy of the bound state 
is 


p(E)= 





P(E) =i/g’. 


The agreement between the predictions of the 
model and experimental results suggests the use 
of this p, and the corresponding one for the 7 
meson, to describe these mesons in specific 
problems or as the first trial of an interative or 
self-consistent-field type calculation involving 
radiative corrections. 
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Note Added in Proof (received September 29, 
1958):- Recent experiments at CERN by Fazzini, 
Fidecaro, Merrison, Paul and Tollestrup® indi- 
cate that the electron and » meson are coupled 
to baryons with the same V-A interaction. In 
this case the above model gives m— yp+v transi- 
tions only as a consequence of differences in 
baryon masses (or cutoff factors). The expected 
rates are smaller than those observed but of ap- 
proximately the correct order of magnitude. 





“This work was performed under the auspices of the 
U.S, Atomic Energy Commission. 

'R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 
193 (1958). 

? The idea that the 7 meson is a bound nucleon-anti- 
nucleon system was originally examined by E. Fermi 
and C. N. Yang, Phys. Rev. 76, 1739 (1948). A model 
that is similar to the one to be described in the pre- 
sent paper, but which is based upon a different inter- 
actionjhas been examined by Z. Maki, Prog. Theoret. 
Phys. Japan 16, 667 (1956). 

3G. Feinberg, Phys. Rev. 110,1482 (1958). 

‘ The isotopic spin space is not identical to Gell- 
Mann's since all baryons are considered isotopic 
doublets in the present model. 

5 The possibility of solving the 7 -u -e problem by 
using different signs for the y and e couplings has 
been noticed by many people. In the present model 
the absence of the e mode is a direct consequence of 
the conservation of the 8 -decay vector current and 
the requirement that the K particle be bound. 

® This modified problem gives mesons. For K 
mesons an appropriate rearrangement must be made. 

' This is the form for the K-particle propagator. 

For 7 mesons the form is slightly different. 

®Fazzini, Fidecaro, Merrison, Paul, and Tollestrup, 

Phys. Rev. Lett. 1, 247 (1958). 





PROPOSED BOUNDARY CONDITION 
POTENTIAL FOR THE TWO-NUCLEON 
PROBLEM* 


S. A. Moszkowski and B. L. Scott 
University of California, Los Angeles, California 
(Received September 17, 1958) 


In recent years it has become evident that the 
nucleon-nucleon scattering data, expecially at 
high energies, can only be explained by an inter- 
action which turns strongly repulsive at short 
distances. However, a potential of this type, 
e.g., of the form used by Gammel, Christian, 
and Thaler,’ presents a serious difficulty for the 
study of complex nuclei. In particular, a con- 
ventional perturbation expansion gives essentially 
infinite matrix elements. In the past few years, 
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a method for circumventing this difficulty has 
been developed by Brueckner and his collabora- 
tors and has been successfully applied to some 
aspects of nuclear structure, mainly dealing 
with the properties of infinite nuclear matter.’ 
However, even the Brueckner technique is quite 
difficult to apply in practice. The approach 
proposed here to the nuclear problem is to use 
as a starting point a somewhat different two- 
body potential which should adequately describe 
nucleon-nucleon scattering data and for which 
the Brueckner technique can be applied somewha 
more readily. This note is a brief description of 
this potential and a preliminary account of its 
application to the two-nucleon problem. 

Consider a potential consisting of an infinitely 
hard repulsive core followed by an attractive wel 
of infinite depth and infinitesimal width. It is 
possible to choose the attractive well in sucha 
way that for zero external energy the two-par- 
ticle wave function is exactly the free particle 
wave function for separations larger than the 
well radius. (Of course, the wave function is 
identically zero within the core). For this case, 
the effects of the attraction and repulsion essen- 
tially cancel at zero energy.® In the present note, 
we restrict ourselves to S states; i.e., orbital 
angular momentum zero. Then at the outer edge 
of the attractive wall (at radius r=, the zero- 
energy radial wave function u=W/r satisfies the 
boundary condition 


1 du 1 
a $) a (1) 
r=C 
A so-called “boundary condition potential, ” 
which generates the above behavior of the two 
particle wave function, is 


VB.c. =~ for r<c-e , 


rig 2 Z ' 
“+a pegpee irs -e <r 2 
= ie 2] for c-e <r<c, (2) 


where m denotes the nucleon mass. In all calcu- 
lations the limit € ~0 must be taken. The bound- 















ary condition potential together with a longer 
range attractive part and the zero-energy wave 
function is sketched in Fig. 1. 

It is easily shown that the boundary condition 
(1) is, in fact satisfied at all energies, i.e., in- 
dependently of the energy.* The phase shift for 
the boundary condition potential (in the absence 
of any interaction for r>c) is 


5= arctan ke - ke, (3) 
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ZERO ENERGY WAVE FUNCTION 
FOR BOUNDARY CONDITION 
POTENTIAL 


a 








rx lO Bem 





e < 





—c-« — 
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FIG. 1. A sketch of the boundary condition plus 


square well potential and the zero-energy wave function. 


The boundary condition just outside the singularity 

(at r=c) is u~' (dv /dr)=c-' for S states, where u 
denotes the radial wave function. The limit €—0 is to 
be taken in all calculations. The width and depth of the 
square well have been adjusted to give infinite scatter- 
ing length and an effective range of 2.5 10-" cm. 


where hk denotes the relative momentum of the 
two-particle system. For small values of kc, 
this becomes 


b=-zh 8c +4kec5... (4) 

90 

80 

70 

60 

FIG. 2. Phase shifts 50 
versus energy for three 

potentials having an in- . -_ : ™ 


finite scattering length 
and effective range 2.5 
x 10" om. 


IN 30 
DEGREES 






It is of interest to compare this with the phase 
shift -kc due to a pure repulsive core potential. 
Next consider a somewhat more realistic S- 


state potential, containing a longer range attract- 
ive part. In order to be able to calculate phase 
shifts analytically, a square well was used. This 
potential was assumed to have sufficient depth V, 
and outer radius a to give a bound state at zero 
energy, i.e., infinite scattering length.® This is 
a reasonable approximation to the actual singlet 
S-state potential, although a somewhat smaller 
depth and different shape, e.g., Yukawa shape, is 
more accurate and should be used in detailed cal- 
culations. The phase shift at all nonrelativistic 
energies may be calculated as follows: 


tan (ka + 6) =k(a?+k?)~? tan [(a?+k*)2(a-d)], 
where (5) 


d=c-{(e@ +h?)7? arctan | (a?+k)2c]}, 

and 
a? = mV, /h?. 

In order to obtain infinite scattering length, we 


must have 
ctn a(a-c)=ac. (6) 


For this case, the effective range is given by 
¥, = at+[arc*/(1 + a*c*)]. (7) 


The question now arises whether it is possible 
to find values of c, a, and V,, which match the 
phase shifts due to a more conventional potential, 
viz., a repulsive core plus square well potential 


LABORATORY ENERGY IN Mev 
! 


SQUARE WELL POTENTIAL 


HARD CORE PLUS SQUARE 
WELL POTENTIAL 
_ C204 x 105m 


BOUNDARY CONDITION PLUS 
SQUARE WELL POTENTIAL 
C#0.88 x 107'3em 
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Table I. Well depth parameters for three potentials *This work was supported in part by the Office of 

having an infinite scattering length and an effective Ordnance Research. 

range of 2.5 10-cm. ‘Gammel, Christian, and Thaler, Phys. Rev. 105, | ~ 

311 (1957). ii , 

V) (Mev) a (10-'3 cm) 2k. A. Brueckner and J. L. Gammel, Phys. Rev. : 

109, 1023 (1958). This article also contains an ex- y 

Square well 16. 37 2.5 tensive bibliography of earlier work. y 

Repulsive core 3 This cancellation simplifies the application of the Hf 

(c = 0.4) plus Brueckner theory to the nuclear many-body problem, ( 


as will be discussed in a forthcoming paper. 


square well 35.41 2.1 
4 Somewhat different boundary condition potentials 


Boundary condition 








(c = 0.88) plus have been considered by H. Feshbach and E. Lomon, 
square well 22.41 2.243 Phys. Rev. 102, 891 (1956), and by V. F. Weisskopf, M 
Proceedings of the Pittsburgh Conference on Nuclear K 
Structure, June, 1957 (unpublished). W 
5 J. M. Blatt and J. D. Jackson, Phys. Rev. 76, 
with core radius 0.4 x107!5 cm and effective 18 (1949). . a oe 
range® 2.5 x 107" cm. This comparison is shown 6M. H. MacGregor (private communication). in 
in Fig.2. It is found that the phase shift can be tu: 
reproduced to within 1/2 degree for laboratory ba 
energies between 0 and 250 Mev, if c=0.88 x10~** sh 
em. This is a remarkable result, considering ERRATUM dr 
t r 
that both of these phase shifts are quite differen TRAPPED ALBEDO THEORY OF THE RADIA- p 
from those for a pure square well also shown in ga 


TION BELT. S. F. Singer [ Phys. Rev. Lett. 1, the 


Fig. 2. The parameters for the three potentials 181 (1958) ]. 























are given in Table I. There is every reason to pre 
believe that the surprising correspondence On page 182, the fifth line below Eq. (7) should — 8% 
between boundary condition and repulsive core read “is~ 100 (cd)~*. At 1000 km altitude ¢~3 osc 
potentials shown in Fig. 2 is not restricted toa x 102°" of t 
square well attractive potential, and this point In Footnote 8, the first part of the sixth line fus' 
is now under further investigation.° should read “cos*A, =1-Ah(Rge +h)";”. 
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ABSTRACTS 
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In this section are printed the abstracts of Articles that have 
heen forwarded to The American Institute of Physics for publi- 
cation in THE PHYSICAL REVIEW. In quoting information 
htained from this section before the appearance of the corre- 
sponding Article, reference should be made to “Physical Review 
te be published)” rather than to this Journal. 








MAGNETICALLY CONFINED PLASMAS. A. C. 
Kolb, United States Naval Research Laboratory 
Washington, D. C. (Received May 23, 1958). 


The propagation of high-velocity shock waves 
inan axial magnetic field generated by single- 
turn coils connected in parallel to a condenser 
tank is investigated. Time-resolved photographs 
show that the plasma behind the shock front is 
driven away from the tube walls by the magnetic 
pressure. This compression heats the ionized 
gas and maintains a high shock velocity during 
the transit of the front through the coil. The com- 
pressed plasma appears to be stable and under- 
goes radial oscillations that follow the current 
oscillations. The interpretation and significance 
of these observations in controlled thermonuclear 
fusion research are discussed. 


OPTICAL ABSORPTION AND PHOTOCONDUC- 
TIVITY IN MAGNESIUM OXIDE CRYSTALS. 

W. T. Peria,* Electrical Engineering Department, 
University of Minnesota, Minneapolis, Minneso- 
ta(Received March 20, 1958). 


Optical absorption and photoconductivity spec - 
tra of magnesium oxide crystals from various 
sources are presented. The effects of ultravio- 
let and x-ray irradiation are described, and the 
results are interpreted in terms of valence 
changes of impurities, principally iron. A meth- 
od for the analysis of the photoconductivity data 
isgiven. This method corrects for the effects of 
strong non-ionizing absorption, which may lead 
‘spurious peaks in photoconductivity spectra. 
The sign of the optically excited charge carriers 
was deduced by a method which involves the for- 
mation of a space-charge field by the motion of 
tarriers in an applied electric field, and the de- 
ection of the asymmetry in this space-charge 
lied when carriers are subsequently allowed to 
nove under the influence of the space-charge 
field only. 

Aband centered at 5.05 ev has been detected 
nall specimens measured and this is believed 


















to be due to the impurity Fe?*. Irradiation in 
this band provides free electrons some of which 
are believed to be trapped by other Fe** ions. 
Three absorption bands previously observed by 
other authors are believed to be associated with 
the impurity Fe**. 


*Now at Honeywell Research Center, Hopkins, Min- 
nesota. 


ENERGY BANDS IN SOLIDS - THE QUANTUM 
DEFECT METHOD. Harvey Brooks, Division 
of Engineering Science and Applied Physics, 
Harvard University, Cambridge, Massachusetts, 
and Frank S. Ham, General Electric Research 
Laboratory, Schenectady, New York (Received 
June 25, 1958). 


This paper describes a procedure for the cal- 
culation of electron energy bands in certain 
solids from spectroscopic data:for the corre- 
sponding free atom. This method is an improved 
version of one used by Kuhn and Van Vleck to 
calculate the energy bands of sodium, potassium, 
and rubidium. It avoids explicit construction of 
a one-electron potential to represent the inter- 
action between the valence and core electrons. 


MAGNETIC SUSCEPTIBILITY OF AN ELEC- 
TRON GAS AT HIGH DENSITY. K. A. Brueck- 
ner and K. Sawada, University of Pennsylvania, 
Philadelphia, Pennsylvania (Received June 26, 
1958). 


The magnetic susceptibility of an electron gas 
at high density is determined using the exact 
theory of Gell-Mann and Brueckner. 


APPROXIMATE WAVE FUNCTIONS FOR THE 
U CENTER BY THE POINT-ION-LATTICE 
METHOD. Barry S. Gourary, Applied Physics 
Laboratory, The Johns Hopkins University, 
Silver Spring, Maryland (Received June 16, 
1958). 


Wave functions for the ground state and the 
first excited state of the U center are calculated 
in the point-ion-lattice approximation, and the 
term values are obtained. The transition energy 
and the oscillator strengths are computed, and 
the former are compared with experimental data. 
They are approximately 20% smaller than the 
observed transition energies. A qualitative ar- 
gument is presented, suggesting that this dis- 
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crepancy can be removed by inclusion of the ex- 
change energy. 


RADIATIVE RECOMBINATION IN GERMANIUM. 
Patricia H. Brill and Ruth F. Schwarz, Philco 
Corporation, Philadelphia, Pennsylvania (Re- 
ceived June 17, 1958). 


The dependence of recombination radiation, U, 
on the excess carrier density, 5p, and on the 
equilibrium carrier density, (”, + p,), was 
studied in 0.2 to 12 ohm-cm n- and p-type ger- 
manium by simultaneous measurements of out- 
put radiation and of photoconductivity as functions 
of incident light intensity. The results confirm 
the van Roosbroeck-Shockley theory of band to 
band recombination which predicts that U =® 
X[ (9+ Pp) 5p + 5 p?] m;*, where n; is the carrier 
density in intrinsic material. As predicted by 
the theory, a log-log plot of U vs 5p gavea 
straight line with slope of 1.0 for small 5p and 
showed a curvature asymptotically approaching 
a slope of 2 for 5p greater than (m, +p,). The 
value of ‘® was estimated from the output radia- 
tion to be 2.5 x 10*°cm~*sec™ which compares 
favorably with the previously published theoret- 
ical value of 1.57 x 10°cm “sec™'. The depend- 
ence of 5p on incident light intensity shows the 
behavior of the effective sample lifetime, which, 
in most cases, increases slowly with injection 
level. 


DIELECTRIC AND THERMAL STUDY OF 
(NH,),SO, and (NH,),BeF, TRANSITIONS. S. Ho- 
shino, K. Vedam, Y. Okaya, and R. Pepinsky, 
Department of Physics, The Pennsylvania State 
University, University Park, Pennsylvania (Re- 
ceived May 29, 1958). 


The behavior of the various dielectric proper- 
ties, specific heat and thermal expansion of 
(NH,),SO, and (NH,),BeF, has been studied in de- 
tail under various experimental conditions, with 
particular reference to the ferroelectric transi- 
tions in these crystals. The dielectric constant 
vs temperature curves do not obey the Curie- 
Weiss law. The shift of the transition temper- 
ature as reported in the literature could not be 
detected even under extreme experimental con- 
ditions. The transition energy and entropy 
change have been evaluated from a C, vs T 
curve. The variation of the lattice parameters 
and the unit cell volumes with temperature has 
been measured by the x-ray method. 

The transition of (NH,),SO, appears to be of 
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first order, while that of (NH,), BeF, is also of 
first but very close to second order. Deuterati, 
of these crystals does not affect the transition 
of (NH,),SO,; but in the case of (NH,),BeF, the f 
transition temperature is raised by 30°C by dey. } f 
teration, and the transition energy is also in- 
creased. 

The phase diagram of (NH,),SO,-(NH,),BeF, 
system is given. 





HALL EFFECT, MAGNETORESISTANCE, AND (F 
SIZE EFFECTS IN COPPER. Ted G. Berlin- 
court, Atomics International, A Division of 

North American Aviation, Incorporated, Canog: 
Park, California (Received June 23, 1958). 


Measurements of the Hall coefficient of sever} pu 
al annealed polycrystalline Cu strips of resis- as 
tivity ratio p (273°K) /p (4.2°K)~450 and thick- of 
nesses ranging from 0.05 to 1.6 mm have re- ba 
vealed the existence of a marked size effect at lat 
low temperatures. The effect is orders of mag-| % 
nitude greater than that to be expected on the alc 
basis of free electron theory. It is suggested Fe 


that earlier low-temperature data on the Hall fro 
effect of thin high-purity samples are subject to riv 
uncertainties arising from such effects. Size tic! 


effects were also evident in the transverse ma-[ ff 
netoresistance. At high fields, a tendency to- al ¢ 
ward saturation in the transverse magnetore- [| & 
sistance was observed for thick samples. The die 
temperature dependence of the Hall coefficient als 


has also been studied. can 
den 


the 


PHOTOCONDUCTION AND SURFACE EFFECTS ne 


WITH ZINC OXIDE CRYSTALS. R. J. Collins en 
and D. G. Thomas, Bell Telephone Laboratories, 


rigo 
Murray Hill, New Jersey (Received May 15, Fs 
1958). Fey 


Large photoconductive effects have been ob- [| pola 
served on single crystals of ZnO at 300°K and [ pote 
78°K. At 300°K the decay of the photoconductiv- } ima, 
ity is strongly dependent on the ambient condi- § Fert 
tions, being slow in vacuum, and fast in wet pend 
oxygen. This shows that the conductivity is nega 
associated with the surface. The effects are Sea, 
essentially independent of the dark conductivity } {ra 
of the crystals and cannot be accounted for by 
the desorption of adsorbed oxygen. It is pro- 
posed that holes from hole-electron pairs dis- 
charge lattice oxygen ions at the surface, pro 
ducing a surface excess of zinc and an electra 
enrichment layer in which conduction occurs. 
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The formation of this layer has been followed as 
a function of the total number of photons incident 
on the crystal. In the initial stages quantum ef- 

ficiencies as high as 0.25 have been observed 

for this process. 


ELECTRON SELF-ENERGY APPROACH TO 
CORRELATION IN A DEGENERATE ELECTRON 
GAS. John J. Quinn and Richard A. Ferrell, 
University of Maryland, College Park, Maryland 
(Received June 9, 1958). 


A new method of computing the correlation 
energy of a degenerate electron gas is present- 
ed in which the interactions are studied by con- 
sidering the self-energy of a lone particle im- 
purity in the system. The self-energy results, 
as in quantum electrodynamics, from the action 
of the proper field set up by the charged particle 
back on itself; the Feynman space-time formu- 
lation of quantum mechanics is employed in the 
self-energy calculation, which is carried out 
along lines already laid out by Lindhard. The 
Feynman propagator, which takes the particle 
from one point in space-time to another, is de- 
rived. A slight but essential change in the par- 
ticle propagator is needed to allow for exchange 
effects when the particle impurity is an addition- 
al electron in the degenerate electron gas. This 
gives the electron gas a dual role: it acts asa 
dielectric medium which can be polarized and 
also as a vacuum from which electron-hole pairs 
can be created and undergo exchange with inci- 
dent electrons. The polarization propagator for 
the effective potential set up by the impurityinthe 
electron gas, considered as a dielectric medium, 
is derived heuristically in the text from Lind- 
hard’s dynamic dielectric constant and more 
rigorously in an appendix from the momentum- 
exciton model. The electron self-energy is a 
Feynman integral involving the particle and 
polarization propagators and defines an optical 
potential which is found to have both real and 
imaginary parts. For momenta less than the 
Fermi momentum, it is shown in a second ap- 
pendix that the optical potential is simply the 
negative of the self-energy of a hole in the Fermi 
sea. The imaginary part of the optical potential 
for an electron of momentum p is proportional 
to (b/p,-1)? (where p, is the Fermi momentum), 
and gives rise to damping. Thus the concept of 
‘one-electron state is only valid for small ex- 
citatior energies and breaks down when the 
electron is appreciably far removed from the 
Fermi surface. The mean free path for high 





electron density is given (in units of fi/p,) by 
3.98 rots times the above function of momen- 
tum (7, is the unit sphere radius in Bohr radii). 
The derivative of the real part of the optical 
potential with respect to momentum, evaluated 
at the Fermi surface, gives a correction to the 
specific heat in agreement with Gell-Mann. The 
value of the optical potential itself is related by 
Seitz’s theorem to the derivative of the correla- 
tion energy with respect to density. Integration 
over density yields an expression for the ground 
state energy which agrees with the results of 
other investigators. Finally a brief discussion 
is given of Bethe’s theorem, which directly re- 
lates the optical potential to the ground state 
correlation energy per particle. Although Bethe’s 
theorem is not valid for the idealized electron 
gas with uniform positive background, it does 
apply to actual metals in equilibrium. 


SEMICONDUCTOR SURFACE POTENTIAL AND 
SURFACE STATES FROM FIELD-INDUCED 
CHANGES IN SURFACE RECOMBINATION. 
George C. Dousmanis, RCA Laboratories, 
Radio Corporation of America, Princeton, New 
Jersey (Received March 15, 1957; revised 
manuscript received May 28, 1958). 


Experiments are reported on the effects of ac 
electric fields and ambients on the surface re- 
combination velocity in germanium and silicon. 
The variations in surface recombination are de- 
tected by changes in the reverse current of 
large area “back surface” diodes. The experi- 
mental method is an improved version of that of 
Thomas and Rediker and is a convenient means 
of exploring surface type, stability, time effects 
at the surface, and effects induced by high ac 
fields and ambients on the slow surface states. 
Observation of a maximum of surface recombi- 
nation in terms of applied field provides a ref- 
erence point from which the zero-field value of 
the surface potential can be evaluated, and the 
dependence of the surface recombination veloc- 
ity (s) on the surface potential ($,) can be 
established. Values of ¢, are in the range of 
+0.25 v in Ge and + 0.5 vin Si. The energies 
of the main recombination states are at 6 to 9 
kT from mid-gap in Ge and at + 16 or -16 kT in 
Si. Information on the surface potential and the 
surface states obtained by the present technique 
is in reasonable agreement with that derived 
from other types of measurements. The present 
results are independent of uncertainties due to 
surface mobility. Experimental patterns show 
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directly that the “charge” surface states are 
also the ones that give rise to surface recombi- 
nation. The width of the observed curves of s 
vs induced charge (and ¢,) depends on bulk re- 
sistivity and is smaller for the higher resistiv- 
ity samples. Such behavior could arise from 
contributions to s from recombination states 
distributed in the surface space charge region. 


SURFACE EFFECTS IN ELEC TRON-IRRADI- 
ATED Ge AT 80°K. Walter E. Spear,” Purdue 
University, Lafayette, Indiana (Received June 
23, 1958). 


Photoconductivity, surface conductance, Hall, 
and field effect measurements have been made 
before and after electron irradiations. Before 
irradiation, both m- and p-type specimens show 
a photoconductive shoulder in the range of pho- 
ton energies between 0.70 and 0.55 ev, which is 
connected with a surface effect. Irradiation 
with energies below the threshold for the intro- 
duction of volume defects (about 400 kev) 
quenches the photoconductivity in the shoulder 
and causes an increase in surface conductance 
in n-type, and a decrease in p-type specimens. 
4.5-Mev irradiations (a) extend the shoulder to 
about 0.49 ev and (b) introduce a sharp peak at 
0.39 ev. Both features are due to electronic 
transitions in the surface region. Field effect 
measurements with steady fields and a super- 
imposed alternating potential indicate that the 
shoulder is connected with transitions from the 
valence band into a group of slow surface states 
lying between 0.70 and 0.58 ev above the valence 
band. Irradiation below 400 kev increases the 
surface potential Y until, in m-type specimens, 
the Fermi level passes through a high concen- 
tration of fast states within 0.05 ev of the con- 
duction band. 4.5-Mev irradiations decrease Y; 
transitions to a second group of slow states 
lying between 0.4 and 0.2 ev above the valence 
band can now take place. 


Now at University of Leicester, Leicester, 
England. 


LINEAR ANTIFERROMAGNETIC CHAIN WITH 
ANISOTROPIC COUPLING. R. Orbach, Depart- 
ment of Physics, University of California, Ber-, 
keley, California (Received June 16, 1958). 


The exact solution is given for a linear chain 
of N atoms of spin $ coupled together by the 
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anisotropic Hamiltonian 


N 
wear D [5,7 S741" 
i#=1 
x x 
+(1 - a)(S7 S44 +8;7S;4y |. 


The energy of the antiferromagnetic ground 
state is computed and comparison is made with 
a variational method. The parameter a is alloy- 
ed to vary between 0 and 1, regulating the re- 
lative amount of Ising anisotropy. The short- 

Zz z 
range order LS; Sj41 is calculated exactly 
from the variation of the ground state energy 
with qa. It is shown that a kink in the short- 
range order curve calculated using the varia- 
tional method is fictitious, and the associated 
discontinuity in 9?E/8a? is non-existent. A dis- 
cussion is given of long-range order, and criti- 
cisms are presented regarding the predictions 
of the variational method. 


CORRELATION ENERGIES OF SOME He- AND 
Ne-LIKE SYSTEMS. Anders Fréman, Quantum 
Chemistry Group, Uppsala University, Uppsala, 
Sweden (Received June 27, 1958). 


A calculation of correlation energies of some 
He-like and Ne-like ions is presented. In the 
calculation the experimental values and the rel- 


ee 
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A) 
Dt 





ativistic corrections to the total energies are 
used. The Hartree-Fock energy for Al* is 
calculated using analytic wave functions. A 
short discussion of the relativistic corrections 
and of a semiempirical formula for the corre- 
lation energies in atoms and ions is given. 


' 


INTERACTION ENERGY AND MOBILITY OF 
Li* IONS IN HELIUM. E. A. Mason, H. W. 
Schamp, Jr., and J. T. Vanderslice, Institute 
for Molecular Physics, University of Marylan, 
College Park, Maryland (Received April 14, 
1958). 


The interaction energy of Lit and He has bet! 
calculated for a range of internuclear separa- 
tions. The results are not in very good agree- 
ment with a similar calculation by Meyerott, 
who used the same wave functions but approxi- 
mated many of the molecular integrals. Con- 
siderable uncertainty is caused by lack of know 
ledge of the second-order exchange energy. Tt 
results are used to calculate the mobility of Li’ 
ions in He gas as a function of temperature for 
comparison with experiment. It is concluded 
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that the theoretical interaction energy is not in- 
consistent with the experimental mobility data, 
within the uncertainty caused by the second- 
order exchange energy. 


RE-EXAMINATION OF THE PARAMAGNETIC 
RESONANCE OF Np**®. M. Abraham, C. D. 
Jeffries, R. W. Kedzie, and J. C. Wallmann, 
Radiation Laboratory and Physics Department, 
University of California, Berkeley, California 


| (Received June 27, 1958). 


The microwave paramagnetic resonance spec- 
trum previously reported for 2.3-day Np**® ac- 
tivity incorporated into a crystal of UO,Rb(NO,), 
has been re-examined and determined to be due, 
not to Np**®, but to radiation-induced resonance 
centers. Experiments tentatively suggest that 
these resonance centers may be Pu**® in an un- 
usual oxidation state. An experiment in which 
Np? nuclei were aligned by static hfs interac- 
tions (Pound and Bleaney methods) showed an 
anisotropy of the y-ray pattern; this proves that 
the nuclear spin /(Np***) >2, in contradiction to 
our earlier result. 


ANGULAR DISTRIBUTIONS IN FISSION IN- 
DUCED BY ALPHA PARTICLES, DEUTERONS, 


_ AND PROTONS. C. T. Coffin* and I. Halpern,f 
| Physics Department, University of Washington, 


Seattle, Washington (Received June 18, 1958). 


Protons of 11 Mev, deuterons of energies up 
to 22 Mev, and alpha particles of energies up to 
43 Mev were used to study fission fragment an- 
gular distributions in the following targets: 

Be, a6 Ths? 288 235 Ne?37 and Pu*®. 
All of the measured distributions were qualita- 
tively similar in that more fragments were 
emitted forward and backward along the beam 
direction than sideways. The largest ratios of 

0° to 90° differential cross sections were 

slightly greater than 2 and were obtained in the 
alpha-particle bombardments. The smallest 
ratios occurred in the proton bombardments. If 
one decomposes the fissions observed at a given 
bombarding energy into symmetric and asym- 
metric mass components, the anisotropy for 

each component decreases smoothly as the value 
of 2/A of the compound nucleus increases. The 
’symmetric anisotropies are larger than the 
symmetric ones. There is no observable effect 
of the value of the target spin on the observed 
amisotropies. It is pointed out that some of the 


observed features of the anisotropies may be 
accounted for in terms of the fact that some of 
the fissions occur only after the evaporation of 
neutrons. 


*Now at Nevis Cyclotron Laboratory, Columbia 
University, New York. 
TNow at CERN Laboratories, Geneva, Switzerland. 


ALPHA DECAY OF EVEN-EVEN DEFORMED 
NUCLEI. R. R. Chasman and J. O. Rasmussen, 
Department of Chemistry and Radiation Labora- 
tory, University of California, Berkeley, Cali- 
fornia (Received June 26, 1958). 


Approximate analytic methods are developed 
for calculating the amplitudes of alpha partial 
waves at the surface of deformed even-even nu- 
clei. A two-term expansion modifying the ordi- 
nary Coulomb function to account for nuclear 
quadrupole coupling is applied. The amplitudes 
of alpha partial waves at the nuclear surface 
are tabulated for eight choices of phase and three 
values of the intrinsic nuclear quadrupole mo- 
ment. A detailed comparison is made between 
this treatment, that of Fréman, and the numer- 
ical integration of Rasmussen and Hansen for 
Caf”. 

An approximate method of calculating phase 
shifts induced by the nuclear quadrupole moment 
is developed and compared with the results of 
Rasmussen and Hansen for Cm”. 


GAMMA-RAY THRESHOLD METHOD AND THE 
O'%(d, ny)F’® REACTION. J. W. Butler and H. D. 
Holmgren, Nucleonics Division, United States 
Naval Research Laboratory, Washington, D. C. 
(Received June 19, 1958). 


A neutron threshold technique involving ob- 
servations of the gamma rays from the de-ex- 
citation of the residual excited states is de- 
scribed. A study of the O'"(d, ny)F’® reaction 
with this technique has resulted in the observa- 
tion of neutron thresholds at bombarding ener- 
gies of 346+8, 52548, and 584410 kev. These 
thresholds correspond to states at 6.048+0.014, 
6.210+0.014, and 6.262 +0.015 Mev, respec- 
tively, in the F’® nucleus. A detailed gamma- 
ray spectrum was obtained at a bombarding 
energy of 1.00 Mev using a single-crystal spec- 
trometer, and another detailed spectrum was 
obtained at 1.40 Mev using a three-crystal pair 
spectrometer. Coincidence measurements 





VOLUME 1, NUMBER 8 


PHYSICAL REVIEW 





LETTERS OcTOBER 15, 1958 








were made for several of the cascade gamma 
rays. 


PRECISION DETERMINATION OF NUCLEAR 
ENERGY LEVELS IN HEAVY ELEMENTS. E. 

L. Chupp, J.W.M. Du Mond,* F. J. Gordon, R. C. 
Jopson, and Hans Mark, T Radiation Laboratory, 
University of California, Livermore, California 
(Received April 17, 1958). 


The low-lying energy levels in 32 isotopes be- 
tween Z= 62 and Z = 75 have been studied using 
a high-precision bent quartz crystal spectograph 
to determine gamma-ray energies. The gamma 
rays were produced by the electric (or Coulomb) 
excitation process. The high proton-beam cur- 
rent of the A-48 accelerator was used to provide 
the intense sources necessary for these experi- 
ments. With this technique, energies in the 100- 
kev region can be determined with a precision of 
about one part in 2000. A comparison of the 
results with predictions of the unified model of 
nuclear structure is given. 


*California Institute of Technology, Pasadena, Cali- 
fornia, 

Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 


PHOTONEUTRON YIELDS IN THE RARE-EARTH 
REGION. E. G. Fuller, B. Petree, and M. S. 
Weiss, * National Bureau of Standards, Washing- 
ton, D. C. (Received June 16, 1958). 


The total photoneutron yield curves for Sn, I, 
La, Ce, Sm, Tb, Ho, Er, Yb, Ta, Au, and Pb 
have been measured for x-ray energies from 7 
to 40 Mev with about one percent statistical un- 
certainty. The Penfold-Leiss matrix was used 
to convert these yield curves to integrated neu- 
tron yield cross sections directly without smooth- 
ing the original activation curves. The cross 
sections derived from the integral curves were 
corrected for multiple neutron emission above 
the (7, 2m) threshold using the statistical model. 
The widths found for the giant resonances for 
the closed-shell nuclei decreased from 5 Mev to 
3.8 Mev in going from Sn to Pb. The widths for 
the elements having large nuclear deformations 
for most of their isotopes were considerably 
broader. These widths decreased slowly from 
8.6 Mev for Sm to 6 Mev for Ta. These widths 
are consistent with the broadening of the giant 
resonance to be expected on the Danos model if 
values of the intrinsic quadrupole moment are 
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taken from Coulomb excitation data. The neutro, 
yield cross sections corrected for multiple ney- 
tron emission were integrated to 22 Mev. Using 
these integrals and defining f by JodE =0.06 











(NZ/A)f, these data gave an average value of 
f=1.34+0.21. 


| 
*On educational leave at Massachusetts Institute of } 


Technology. 


ENERGIES OF GROUND AND EXCITED NUCLE 
CONFIGURATIONS IN THE FIRST pi REGION. 
I, Unna and I. Talmi, Department of Physics, 
Weizmann Institute of Science, Rehovoth, Israe| | 
(Received June 16, 1958). 


Shell-model analysis is applied to configura- 
tions containing both p,,. and s,,, nucleons, 
Energy levels of excited configurations (often 
recognized by their parity being opposite to that 
of the ground state) as well as binding energies 
are considered. Good agreement is obtained 
which gives support to the jj-coupling scheme. 
The results obtained are used for calculating 


other levels. In particular, the modes of excita- 


tion of the first excited 0+ level in O** and the 
1/2- level in F’* are determined. 


SEARCH FOR 0 ~~ 0+ PAIR TRANSITION IN 0%. 
K. E. Eklund and R. D. Bent,* Columbia Univer- 
sity, New York, New York (Received June 18, 
1958). 


A search was made for an electron-positron 
pair transition from the 10.98-Mev 0° state of 
O** to the 0 + ground state using the F!*(p ,a)O™ 
reaction and an intermediate-image pair spectro 
meter. No 10.98-Mev pairs were observed with 
an intensity as great as 2x10~* that of the 3.86- 
Mev M1 cascade gamma ray from the 10.98-Mer 
to the 3.12-Mev 1° state. This result suggests: 
lower limit of t>2x10~* sec for the partial life-| 
time of a 10.98-Mev 0-— 0* pair transition. 


*Now at Indiana University, Bloomington, Indiana. 


SPLITTING OF THE GIANT RESONANCE FOR 
DEFORMED NUCLEI. E. G. Fuller and M. S$. 
Weiss, * Nationai Bureau of Standards, Washing 
ton, D. C. (Received June 16, 1958). 


Photoneutron yield measurements have been 
made for terbium, tantalum, and gold with goo 
energy resolution from threshold up to 25 Mev. 
Neutron production cross sections were obtained 
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directly from the experimental points without 
smoothing the raw data. Corrections were made 
for the multiple production of neutrons above the 
(y, 2n) thresholds. The giant resonances for 
terbium and tantalum were found to be split into 
two resonances as predicted by Okamoto and 
Danos. The giant resonances for all three nuclei 
were fitted by the superposition of two Lorentz 
shape resonance lines. The intrinsic quadrupole 
moments determined from these fits to the ex- 
perimental data were: terbium, +5.6+0.6 barns; 


barns. 


*On educational leave at Massachusetts Institute of 
Technology. 


ENERGY LEVELS IN F’® FROM THE N"“(a, a)N"* 
AND N"*(a, p)O’7 REACTIONS. E. Kashy, P. D. 
Miller, * and J. R. Risser, The Rice Institute, 
Houston, Texas (Received June 30, 1958). 


Elastically scattered alpha particles from N"* 
and ground-state protons from the N"*(a, p)O"” 
reaction show resonances at 2.88-, 3.09-, 

3.60-, 3.67-, 3.72-, 4.00-, 4.05-, 4.11-, 4.28-, 
4.50-, and 4.55-Mev bombarding energies, 
corresponding to excited states of the F’® nu- 
cleus at 6.65, 6.82, 7.21, 7.27, 7.30, 7.52, 

17.56, 7.61, 7.74, 7.91, and 7.95 Mev. Scatter- 
ing-matrix analysis of the elastically scattered 
alpha particles, together with angular distribu- 
tions of the reaction protons, indicate that the 
6.65-, 6.82-, 7.21-, 7.27-, 7.30-, 7.52-, 7.91-, and 
1.95-Mev states in F’® probably have angular 
momenta and parities of 1”, 2~, 4*, 1*, 3°, 3°, 
2°, and 1*, respectively. 


* 
Now at Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 


| ELASTIC AND INELASTIC SCATTERING OF 


PROTONS BY N™*. J. W. Olness, J. Vorona, * 
and H. W. Lewis, Duke University, Durham, 
North Carolina (Received June 16, 1958). 


Differential cross sections for the elastic 
scattering of protons by N** have been measured 
for proton energies between 1.0 and 4.1 Mev at 
center-of-mass scattering angles of 90.0° and 
168.1°. Above 3.5 Mev the study was extended to 
four additional angles, 140.8°, 125.3°, 54.7°, and 
39.2°, to provide information on a broad reson- 
ance near 3.9 Mev and a narrower resonance at 
3.980 Mev. These two resonances also exhibit a 


measurable width for inelastic scattering to the 
first excited state of N** at 2.31 Mev. All meas- 
urements were made with a differentially pumped 
scattering chamber containing natural nitrogen 
gas. The probable error in the cross section is 
estimated at 3%; the energies of the incident 
protons were determined to + 3 kev. The data 
were analyzed to provide information on the 
resonance energies £, and total widths I. 
Evidence was found for a previously unreported 
level with E,=2.535 Mev, [=1.8 kev. From an 
investigation of the elastic and inelastic scatter- 
ing data in the region of the level at 3.9 Mev, it 
is concluded that the resonance is due to d-wave 
formation of a state of O** having spin and parity 
5/2*, with E,= 3.878 +0.008 Mev, Fr =85+8 kev, 
I; = 7 kev. 


*Now with Central Intelligence Agency, Washington, 
D. C. 


REACTIONS OF URANIUM-238 WITH CARBON 
IONS. Torbjérn Sikkeland, Stanley G. Thomp- 
son, and Albert Ghiorso, Radiation Laboratory, 
University of California, Berkeley, California 
(Received May 15, 1958). 


The excitation functions for some reactions of 
U?5* with monoenergetic C” ions have been 
measured by use of the stacked-foil technique. 
The (C, 4m) and (C, 6m) reactions were found to 
occur through the formation of a compound nu- 
cleus followed by neutron evaporation. The re- 
sults were consistent with calculations made by 
a modified Jackson-type treatment. Application 
of the information from the U***(C, xm) reactions 
to the calculation of cross sections for the 
Pu*“(C, 4n)Fm?® reaction was found to give 
agreement with experimental results. 

The (C,a4n) reaction probably proceeds mainly 
by a stripping mechanism, but there is also an 
indication of evaporation of alpha particles from 
a compound system. 


LEVELS IN Cr®, Cr™®, Cr** AND Cr™. W. C. 
Porter*, D. M. Van Patter, M. A. Rothman, and 
C. E. Mandeville, Bartol Research Foundation 
of the Franklin Institute, Swarthmore, Pennsyl- 
vania (Received June 12, 1958). 


Spectra of protons inelastically scattered from 
targets of natural chromium and targets enriched 
in Cr*®®, Cr®*, and Cr™ have been studied for 
bombarding energies in the region of 4.3 to 4.6 
Mev using a double-focusing magnetic spectrom- 
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eter, at angles of observation of 91.5° and 136.2°. 


The enriched targets were prepared by the vac- 
uum evaporation of Cr,O, from a small carbon 
crucible mounted on a tungsten filament onto 
gold leaf backings. Surveys were taken up to at 
least 2.0-Mev excitation. The following level 
energies in kev were determined: Cr*’, 78043; 
Cr™, 143245; Cr®®, 56243, 100624, and (128735); 
Cr**, 84246. The new level in Cr occurs at the 
energy expected for the first 2+ state. Inelastic- 
ally scattered proton groups corresponding to 
the known second excited states of Cr™ and Cr™ 
were not of sufficient intensity to be observed. 


*Present address: Pennsylvania Military College, 
Chester, Pennsylvania. 


PARITY NONCONSERVATION IN THE DECAY 
OF FREE AND BOUND A PARTICLES. R. H. 
Dalitz, The Enrico Fermi Institute for Nuclear 
Studies and the Department of Physics, The 
University of Chicago, Chicago, Illinois (Re- 
ceived June 16, 1958). 


A quantitative estimate is made of the branch- 
ing ratio between two-body and more complica- 
ted mesonic decay modes for ,He* and ,H*, as 
function of their spin J and the ratio p/s of the 
s- and p-channel amplitudes in free A decay. 
Comparison with the data on ,H* decay indicates 
that J=1 is rather improbable and that, with 
J=0, an upper limit on p/s is about unity, a 
lower limit of 0.45 being obtained from the ob- 
servations on up-down asymmetry in polarized 
A decay. The theoretical and experimental 
values for the nonmesonic/mesonic ratio in 
hypernuclear decay are compared in the light 
of these limits on p/s. Assuming validity of the 
AT=3 rule, the variations in the 7~/n° ratio for 
decays of light hypernuclei (Z <2) due to the ef- 
fect of the Pauli principie are also estimated. A 
brief discussion of ,H* decay is given in an 
Appendix. 


ELECTRON-DEUTERON SCATTERING BY THE 
IMPULSE APPROXIMATION. A. Goldberg, 
Stanford University, Stanford, California (Re- 
ceived June 19, 1958). 


The cross section for inelastic scattering of 
high-energy electrons by deuterons is calcula- 
ted using the impulse approximation. The re- 
sults agree with those of Jankus. The cross 
sections are given for several neutron charge 
and moment distributions. The peak cross sec- 
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tions are simply related to the free-nucleon 
cross sections with this approximation. 


NEUTRON EMISSION FOLLOWING u-MESON 
CAPTURE IN SILVER AND LEAD. Selig N. 
Kaplan, Burton J. Moyer, and Robert V. Pyle, 
Radiation Laboratory, University of California, 








Berkeley, California (Received June 24, 1958), 


The neutron yield from the capture of cosmic- 
ray mesons in silver and lead has been meas- 
ured by use of a high-efficiency Cd-loaded lig- 
uid-scintillator tank. The average multiplicities 
were determined to be Da, =1.60 +0.18 and Dp, 
= 1.64+ 0.16. 

The multiplicity distributions were also meas- 
ured and compared with several theoretical 
models. Although an a-particle model gave re- 
sults not inconsistent with the data, a Fermi 


gas model with the effective nucleon mass M* | 


set equal to M/2 seemed to provide the better 
fit. 


MASS OF THE CHARGED 2 HYPERONS. M.S. 
Swami,* Department of Physics, University of | 
Wisconsin, Madison, Wisconsin, and Department 
of Physics, Tufts University, Medford, Massa- 
chusetts (Received June 18, 1958). 


Twenty-nine examples of 2 ’ hyperon decays at | 
rest into protons were used to determine the mass 
of the =* hyperon. The stopping power of each 
batch of emulsions containing these events was 
determined by making use of 1 - meson ranges 
obtained from the decay of 7* mesons at rest. 
The mean range of protons from =* decays was | 
found to be 1686.5+ 6.0 microns. The rms de- 
viation was 37.2+6.0 microns. The Q value for 
the decay (=*— +7°) was found to be 116.37 10.4 
Mev and the mass of the =* hyperon, (2328.1:0.8 
m,. An analysis of three collinear events, which 
resulted from the interaction of stopped K~ 
mesons with hydrogen nuclei of the emulsion, 
gave the £~ hyperon mass to be(2341.6+2.0) m, 
and the mass difference between =~ and =* 
hyperons, (13.5+2.0) m,. 


*Present address: Tata Institute of Fundamental 
Research, Bombay, India. 


INTERACTION CURRENT IN STRANGENESS- 
VIOLATING DECAYS. S. Okubo and R. E. Mar- 
shak, University of Rochester, Rochester, NeW 
York, E. C. G. Sudarshan, Harvard University, 

















ct + WP St CO = Mae oO 1 











YN 
. 
yle, 





rnia, 
58). 


smic- 
meas- 
liq- 

cities 


Mi. S. 
ity of | 
rtment 
iSsa- 


ays at | 
1€ mass 
2ach 
was 
ges 
st. 
was | 
de- 

e for 
37 +0.4 
.1+0.8 
which 


, 





VoLUME 1, NUMBER 8 


PHYSICAL REVIEW LETTERS 





OcroBER 15, 1958 








Cambridge, Massachusetts, W. B. Teutsch, 
Tufts University, Medford, Massachusetts, and 
§. Weinberg, Columbia University, New York, 
New York (Received June 30, 1958). 


The consequences of the hypothesis that the 
current of strongly interacting particles con- 
tributing to strangeness-violating decays has 
the transformation properties of an isospinor 
are investigated. The six processes K*t~7° 
ept+v, K =<? +p +d, K,°=nt+p+0, K,°~n7 
+ut+v, K,°=nt+py°+v, K,°=0 +yu* + v would 
then have the same rates, angular correlations, 
spectra, etc., and likewise for electron modes. 
This prediction is compared with available ex- 
perimental data. The evidence from the non- 
lepton decays is briefly examined. 


STRUCTURE OF PARTICLES IN LINEARIZED 
GRAVITATIONAL THEORY. R. Sachs and P. G. 
Bergmann, Department of Physics, Syracuse 
University, Syracuse, New York (Received June 
12, 1958). 


We have examined the invariant character of 
restrictions imposed on singularities or other 
sources of the gravitational fields in the 
Einstein-Infeld- Hoffmann theory of motion in 
general relativity. We have succeeded in pro- 
viding a complete classification of sources that 
can occur in the linearized theory only, in 


terms of properties that are invariant under 
Lorentz and “gauge” transformations (the latter 
designation refers to linearized curvilinear 
coordinate transformations). Except for sever- 
al explicitly known solutions, all solutions can 
be derived from a “super-metric” correspond- 
ing to the Hertz potential of electrodynamics. 
One method of classification is in terms of 
gauge-invariant integrals over spatial closed 
surfaces completely surrounding the particles. 
The motion of each source is determined by its 
own intrinsic angular momentum and dipole 
moment. The results do not depend on any par- 
ticular assumed form of the stress-energy 
tensor of the sources. 


QUANTUM FIELD THEORIES WITH COMPOS- 
ITE PARTICLES AND ASYMPTOTIC CONDI- 
TIONS. R. Haag, Palmer Physical Laboratory, 
Princeton University, Princeton, New Jersey 
(Received June 11, 1958). 


The connection between the Nishijima-Zimmer- 
mann method and the Ekstein method of treating 
collision processes between composite particles 
in quantum field theory is given. Starting from 
the point of view that the field is a local observ- 
able, the “asymptotic conditions” are proved 
and generalized. 





